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A b s t r a c t
The promoter region o f the katG gene o f  Escherichia coli has been fused to two 
reporter genes GFPuv, encoding green fluorescent protein derived from Aequorea 
victoria and luxCDABE, encoding bacterial luciferase, from Photorhadbus 
luminescens to compare the qualities o f  these two reporters in microbial biosensor 
applications. In Escherichia coli both reporter systems produce stable signals. The lux 
construct was more sensitive at lower concentrations o f hydrogen peroxide and the 
response time was shorter when compared with GFPuv. The latter, however, was 
better able to sense oxidative stress at concentrations that impaired signal output in 
the E. coli lux system. Low  level non-induced bioluminescence was observed using 
the P. luminescens reporter system and this was utilised to measure EC50. As many 
compounds produce an increase in luminescence when incubated with this system, 
there is no means o f specifically identifying any oxidative pollutants in the unknown 
sample. The system is limited to compounds that produce oxidative stress. Here we 
describe a system to add specificity to the stress-response whole-cell biosensor using 
glucose oxidase, which produces from glucose, hydrogen peroxide and gluconate. On 
incubation o f  these two adjuncts, glucose and glucose oxidase, with the pkatGlux 
whole cell biosensor, we found that the system was specific for glucose and had a 
range o f  sensitivity from 2 to 12 mM glucose. We propose that by adding glucose 
oxidase to the oxidative stress whole cell biosensor the specificity o f  the oxidative 
stress response can be increased, and by adding other oxidase enzymes the range o f 
compounds that can be detected is expanded.
There are enzymes o f  which the products o f  metabolism include glucose, fy 
galactosidase converts lactose into glucose and galactose. The enzymes, a-amylase 
and a-amlyglucosidase digest starch to produce glucose and cellulases that act on 
cellulose to liberate glucose. Glucose oxidase then converts glucose to hydrogen 
peroxide and gluconate, the latter o f  which induces an increase in luminescence from 
the E. coli lux system. Thus it is possible to further develop the theme o f  adding in 
specificity to the stress response whole cell biosensor in the use o f dual enzyme 
systems, where the first enzyme acts on the first substrate to yield glucose on to which 
glucose oxidase can metabolise, to yield hydrogen peroxide. I f  pkatGlux is incubated 
with a dual enzyme system then the number o f  compounds that can be bio sensed can 
be increased and a greater specificity introduced. Samples may originate from lake, 
river or soil samples. These will not be ‘clean’ ; they may contain organic debris, dirt 
and other bacteria that could interfere with the biosensing process. To this end lake 
and soil samples were spiked with substrates to see i f  direct sensing is possible, 
without the need for sample preparation. It was indicated that bio sensing could take 
place in samples that originated from an aqueous environment. Where there were high 
levels o f  soil present, luminescence signal was quenched, which was restored on 
extraction o f  the substrate with appropriate solvent.
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1.1. Biosensors.
A  biosensor can be defined as a device containing a biological sensing element 
connected to a transducer, where the transducer converts a change detected by the 
biological element into a measurable signal (Eggins, 1997). Clark and Lyons 
described the first biosensor in 1962. This was a glucose biosensor developed to 
detect glucose so those diabetics could measure blood glucose and self-administer 
insulin more effectively. The biological sensing element was glucose oxidase, which 
in the presence o f  oxygen converted the substrate glucose into gluconic acid and 
hydrogen peroxide. An  oxygen electrode measured the consumption o f  oxygen and it 
was found that the concentration o f  glucose was proportional to a decrease in the 
measured current.
This technology required the ambient level o f  oxygen to be controlled or the oxygen 
concentration decrease would not be proportional to the decrease in the substrate 
concentration. Also high reduction potentials were required at the electrodes, thus 
other compounds may be reduced and lead to oxygen consumption. To overcome 
these problems, oxygen was replaced with electron transfer agents. Thus the oxidation 
o f  glucose is carried out by the FA D  component o f glucose oxidase, forming F A D H 2 
which is reoxidised to FAD  by a mediator. The mediator then passes electrons to an 
electrode resulting in a response (Davis, 1997). These biosensors were more reliable 
and led to the development o f  the Medisense™ glucose sensor for diabetes, the best 
selling biosensor so far.
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Medisense glucose sensors are also known as mediated amperometric enzyme 
electrodes. They are specific for one analyte, depending on the oxidase enzyme 
present. Compared with microbial sensors, the enzymes are not regenerated thus they 
can be used until the enzymes present become denatured. Microbial sensors can only 
be used once but during use they can regenerate proteins. Microbial sensors can be 
used in harsh environments, for example in soil, due to the biosensing components 
being enclosed in a protective membrane. Mediated amperometric enzyme electrodes 
can produce erroneous results as electroactive species that may be found in soil 
interfere with the electrode and proteases present may denature the electrodes’ 
enzymes.
Photometric techniques maybe used for a variety o f  assays usually involving reagents 
and analyte placed into a cruvette, which is then placed in a spectrophotometer. A  
colour change may result from the interaction o f  the biological component with the 
analyte. The development o f  optical fibres (Seitz, 1984) allowed monitoring o f  
samples from a distance, for example pH monitoring using phenol red held within 
microsheres o f  polyacrylamide with polystyrene microspheres for light scattering 
(Peterson e t  a l., 1980). Fibre optics can also be used with microbial biosensors. The 
organisms can be immobilised into strontium alginate onto the end o f  a fibre thus 
remote monitoring can take place (Matrubutham and Sayler 1998). The microbial 
biosensor may produce a colour change using a chromogenic substrate, for example 
Xgal, or emit light in response to a particular analyte. Immobilised enzymes and 
microbial cells may have a limited shelf life and may lack the dynamic range o f  
electrical sensors. They can be specific if  they contain an enzyme that digest a
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particular substrate or less specific i f  used with whole cells that respond to general 
toxicity using luminescent cells to measure toxicity via a decrease in luminescence.
Biosensors based on conductimetric measurement exploit the fact that the changes in 
substrate and product concentrations resulting from the catalytic action o f  some 
enzymes may be accompanied by a net change o f  charged species (Lawrence, 1971). 
The change in conductivity may include the generation o f  ionic groups, proton 
generation, changes in the size o f  charge-carrying groups and changes in the degree o f  
association o f  ionic species. For example, esterases such as acetylcholinesterase result 
in the formation o f  carboxylic acids (Sheppard and Guiseppi-Elise, 1998). Bacteria 
could be used in such a system; for example, lactic acid bacteria could be used to 
detect lactose in milk. An  increase in lactate would increase the number o f protons 
and these could be detected. Microbial biosensors cannot respond in a conductimetric 
manner, unless a promoter that responds to an increase in ions is found and fused to a 
reporter gene. Conductimetric biosensors can be re-used, the measurements are 
unaffected by colour or turbidity. Microbial biosensors that produce a light output can 
be affected by cells or debris scattering the light and are usually not re-useable.
Thermal enzyme sensors are based on chemical reactions evolving heat. Heat can be 
detected with a thermister to calculate the amount o f substrate reacted. This approach 
requires an enzymatic reaction that results in a change in heat out put. The heat o f  
reaction o f glucose being converted to gluconic acid and hydrogen peroxide is 
approximately -  80 kJ/mol. The amount o f  heat generated is related to the quantity o f  
analyte in the sample. Microbial sensors usually emit light and the intensity is relative 
to the quantity o f  analyte in the sample. Thermal sensors are re-useable and are stable
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at room temperature, while microbial sensors may only be used once and are either 
prepared fresh or freeze dried for use and kept at low  temperature for storage.
With the advent o f  Medisense, healthcare was the main application o f  biosensors and 
as a result has been extensively studied. Measurements o f blood, gases, ions and 
metabolites are often necessary to show the patient’s metabolic state. Biosensors 
allow fast, on-the-spot analysis, for example for urea and creatine to monitor renal 
function, a cholesterol sensitive electrode for detection and prevention o f  
arteriosclerosis, an acetylcholine responsive electrode to monitor neurotransmission 
and a lactate electrode for measurement o f muscular effort.
A  less extensively studied application o f  biosensors is in environmental monitoring. 
Since the industrial revolution o f  the early 1800’s large amount o f  waste products 
have and continue to enter the environment. With ever increasing pollution, it has 
been realised that ecosystems cannot cope with increasing amounts o f  toxins. Instead 
o f  being degraded in the environment, toxins may enter the soil, watercourses, 
streams, rivers, aquifers and atmosphere and affect organisms health. This has 
prompted changes in legislation. For example in the United Kingdom legislation, Part 
II o f  the Environmental Protection Act 1990, introduced by Section 57 o f  the 
Environment Act 1995 Contaminated Land Provisions (Baker, 1998), dictates 
‘suitable for use’ standards, a ‘polluter pays’ principle and the assessment o f  
contamination by a risk analysis based approach. In order for this legislation to work, 
environmental pollution detection is necessary and is a driver for the development o f  
biosensors aimed specifically for use in the environment.
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W ell established methods in detecting environmental pollutants include the use o f  
specific analytical techniques, for example gas chromatography (G C ), high 
performance liquid chromatography (H PLC ) and mass spectrometry (M S ) and are 
capable o f  identifying pollutants in the parts per million range. They however, do not 
identify the degree o f  damage that pollutants can do to an ecosystem (eco-toxicology), 
the persistence o f  the contaminants in the environment or the impact on human health 
when man interacts with the contaminated environment (human toxicology). 
Chemicals may enter the environment at different times, places and in different 
amounts. Compound interaction may change any potential toxicological threat present 
resulting in increased toxicity. Thus to give an early indication o f  both the 
toxicological impact o f  pollutants present, different types o f  biosensor are 
increasingly being used that reflect the toxicity present in a sample o f  interest. These 
are whole cell microbial biosensors.
1.2. W hole cell microbial biosensors.
These are designed so that a biochemical change is observed for example an increase 
or decrease in luminescence or fluorescence, which reflects the toxicological impact 
and bioavailability o f  pollutants present that they are designed to detect. Table 1.1 
lists a number o f  cellular based biosensors.
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Table 1.1. Examples o f  microbial biosensors, which can be used in detecting 
environmental pollution.
Description Induced by: Organism Characteristic Reference
Natural isolate from 
sea water
lu x l V ibrio  f is h e r i Gross cellular 
inhibition o f  
bioluminescence
Microtox
Corporation
Constitutive 
expression o f  
engineered V ibrio  
f is h e r i  luxC D A B E  
operon
Benzene, toluene, 
ethylbenzene and 
xylene (B T E X )
P seu d o m o n a s
f lu o re sc e n s
Gross cellular 
inhibition o f  
bioluminescence
Sousa e t  
a l ., 1998
n ah G  ’/ lu x C D A B E  
(P h o to rh a d b u s  
lu m in escen s )  gene 
fusion
Naphthalene P seu d o m o n a s
flu o rescen s
Specific induction 
o f
bioluminescence
King e t  a l ., 
1990
a r s B ’r.lu xA B  (V. 
f ish e r i)  gene fusion
Arsenic E sch erich ia  c o li  
and 
S ta p h o co ccu s  
a u reu s
Specific induction 
o f
bio luminescence
Corbisier e t  
a l., 1993
a rsB  ’r.luxA B  
(F irefly  lu ciferase) 
gene fusion
Arsenic E sch erich ia  c o li Specific induction 
o f
bio luminescence
Tauriainen 
e t  a l., 2000
cadA  ’::luxA B  (V. 
f ish e r i) gene fusion
Cadminum E sch erich ia  c o li 
and 
S ta p h o co ccu s  
au reu s
Specific induction 
o f
bio luminescence
Corbisier e t  
a l., 1993
n a rG  ’: : lu xC D A B E  
(P. lu m in escen s)  
gene fusion
Nitrate E sch erich ia  co li Specific induction 
o f
bio luminescence
Prest e t  a l., 
1997
recA  '.luxCD ABE  
(V. f ish e r i)  gene 
fusion
D N A  damage E sch erich ia  co li Specific induction 
o f
bio luminescence
Vollmer, e t  
al., 1997 
and Rozen 
e t  a l., 2000
uvrA luxC D A B E  
(V. f ish e r i)  gene 
fusion
D N A  damage E sch erich ia  c o li Specific induction 
o f
bio luminescence
Vollmer, e t  
al., 1997.
alkA  ’:: lu xC D A B E  
(V. f ish e r i)  gene 
fusion
D N A  damage E sch erich ia  c o li Specific induction 
o f
bio luminescence
Vollmer, e t 
a l ,  1997.
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Description Induced by: Organism Characteristic Reference
g rp E  ’:: luxC D A B E  
(V. f ish e r i)  gen e  
fusion
Stress 
ethanol, propanol, 
phenol hydrogen 
peroxide
E sch erich ia  co li Specific induction 
o f
bio luminescence
Van Dyk, 
e t a l ,  1995
k a tG  ’::lu xC D A B E (V  
. f ish e r i)  gene fusion
Oxidative hazards 
(H 20 2)
E sch erich ia  c o li Specific induction 
o f
bio luminescence
Belkin, e t 
a l . , 1996.
c lp B ’::G F ? \i\  
(Clontech) gene 
fusion
Stress E sch erich ia  c o li Specific induction 
o f fluorescence
Cha, e t  a l ,  
1999
d n a K ’r.G FPuv  
(Clontech) gene 
fusion
Stress 
ethanol, propanol, 
phenol hydrogen 
peroxide
E sch erich ia  c o li Specific induction 
o f fluorescence
Cha, e t  a l., 
1999
tfJ2::GFPuv 
(Clontech) gene 
fusion
Stress E sch erich ia  co li Specific induction 
o f fluorescence
Cha, e t  a l ,  
1999
rad54’ ::eGFP gene 
fusion
D N A  damage S a cch a ro m yces
c erev is ia e
Specific induction 
o f fluorescence
Billinton e t  
a l., 1988
p u p A  A uxC D A B E  
(V. f ish e r i)  g en e  
fu s io n
Fe (III) P seu d o m o n a s
p u tid a
Specific induction 
o f
bio luminescence
Khang e t  
a l ,  1997
ip b ' . lu x C D A B E  (V. 
f ish e r i)  g en e  fu s io n
isopropylbenzene P seu d o m o n a s
p u tid a
Specific induction 
o f
bio luminescence
Selifonova 
e t  a l., 1996 
and Bundy 
e t  a l., 2000
t o d ’::lu xC D A B E  ( V  
f ish e r i)  g en e  fu s io n
Toluene and 
trichlorethylene
P seu d o m o n a s  
p u tid a  B2
Specific induction 
o f
bioluminescence
Applegate 
e t a l . ,  1997
recA  ’:: luxC D A B E  
(P. lu m in escen t)  
g en e  fu s io n
D N A  damage S a lm o n e lla
typh im urium
Specific induction 
o f
bio luminescence
Davidov e t  
a l., 2000
te tra  ’.'.luxC D A B E  
(P. lu m in escen s)gen e  
fu s io n
Tetracycline 
group o f  
antibiotics
E. co li Specific induction 
o f
bio luminescence
ICurittu e t  
a l ,  2000
S a lm o n e lla  
typh im u riu m  mutants
Chemical
mutagens
S. typh im urium Revertion o f  
histidine 
requirement back 
to prototrophy
Ames e t 
a l ,  1975
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1.2.1 W hole cell microbial biosensors using gross cellular inhibition o f  
bioluminescence.
These biosensors are based on toxicity inhibiting cellular metabolism and hence 
decreasing the luminescence o f  the luminescent marine organism, V ibrio  f ish e r i.  
This has been developed into a test called M icro to x™  . Firstly this system was 
used as a model to determine the toxicity o f  compounds to humans during drug  
screening program s in the pharmaceutical industry. The bacteria are relatively 
inexpensive and allow the rapid estimation o f  toxicity. Toxicity data from  the 
Microtox test is usually presented as an E C 50: that concentration that causes a 50 
%  reduction in light over a specific time period, up to 15 minutes. The lower the 
E C 50 the higher the toxicity present in the sample.
M ore recently M icrotox has become a commonly used test to assess the toxicity 
o f environmental samples in mixtures o f  unknown composition. For example the 
toxicity assessment o f  complex heavy metal mixtures (Codina e t  a l ., 2000) and 
assessing detoxification o f  a complex hazardous waste (Symons and Sims 1988).
V  f is h e r i , however, is not ecologically relevant to terrestrial environments. It is a 
marine organism that requires strict pH  and salinity conditions in order to 
maintain a level o f  luminescence from  which toxicity testing can occur. As a 
consequence the luminescent genes from  V  f is h e r i  have been cloned and moved 
into a natural soil bacterium, P seu d o m o n a s  j lu o re sc e n s . Lux genes cloned into P. 
f lu o re sc e n s , as with V  f is h e r i , exhibit a decrease in luminescence with increasing 
toxicity and have broader pH  and salinity range. Examples o f  use include the 
assessment o f  the toxicological impact o f  benzene and its prim ary degradation
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BTEX-contaminated sites (Sousa e t  a l., 1998) and to appraise the toxicity o f  
polycyclic aromatic hydrocarbons (Reid e t  a l., 1998). M ore recently eukaryotic 
firefly luminescence genes from  the organism P h otin u s p y r a l is  have been cloned 
(Hollis e t  a l., 2000) to provide a yeast based luciferase biosensor dependent on 
cellular inhibition o f  bioluminescence. As with soil organisms the luminescence 
was stable to extremes o f  pH  and salinity and could better report toxicity posed 
to eukaryotic cells by environmental pollution, that bacteria could not, for 
example to the herbicide diuron.
1.2.2 W hole cell microbial biosensors using promoter~reporter gene fusions.
Biosensors that are based on cellular inhibition o f  bio luminescence, where a 
decrease in luminescence represents the toxicity present, are not able to indicate 
what compounds are present. A  further indication could be to treat the sample 
in various ways and use V  f is h e r i  to identify toxic components. For example, if  
the sample is sparged with nitrogen, volatile components can be removed and the 
sample may have a reduced impact on luminescence when tested with V  f is h e r i . 
This indicates that volatile compounds have contributed to the toxicity o f  the 
sample. The sample could then be heated to remove non-volatile organic 
components, leaving inorganic pollutants behind and perhaps result in further 
reduction o f  toxicity (Sousa e t  a l., 1998).
An  alternative approach is to fuse promoters that are induced in the presence o f  
a pollutant to a reporter gene, illustrated in figure 1.1. Promoter-reporter fusions 
allow determination o f  what cellular processes are being affected and thus the
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nature o f  the toxic damage. For example, the promoter that results in expression 
o f the recA  gene in response to mutagenic agents, when fused to the lux genes o f  
V  f is h e r i  (recA  luxC D A B E ) results in a biosensor that detects mutagens 
(Vollm er, e t a l . , \9 9 1 ) . Other examples are illustrated in table 1.1. Such fusions 
output a signal using a bioluminescence or fluorescence producing reporter gene. 
This allows rapid online monitoring o f  the increase or decrease o f  induction or 
repression o f  gene expression, depending on the genetic makeup o f  the biosensor, 
as it occurs in real time with no further cellular treatments or process.
Figure 1.1. Illustrating a typical promoter (p ) - reporter gene fusion.
1.3. M olecular biology o f stress response promoters used in promoter-reporter 
gene fusions.
1.3.1. Promoter structure in prokaryotes.
Molecular ‘switches’ otherwise known as promoters control cellular gene 
expression. Although each is different and reflects the required metabolic 
activity o f  the gene product, they have similar, but not identical consensus 
sequences. Genes that are expressed in E. c o li have the consensus T T G A C A  at -  
35 and T A T A A T  at -  10 upstream from the start o f  transcription codon signal. 
A ll genes expressed in E. c o li have sequences that resemble but may not be 
identical to these consensus sequences. The -  35 and -  10 sites are recognised by 
R N A  polymerase. This consists o f  four subunits, (X2PP’, that comprise R N A  
polymerase holoenzyme (R N A P ) that complexes with the a  major subunit a 70. 
a 70 recognises promoter -  35 and -  10 elements. One or more activator proteins
Signal
Reporter gene
Luminescence or 
Fluorescent response
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upstream o f  the promoter and act by making direct contact with R N A P  or by 
changing helix conformation, initiating transcription. Repressors, for example 
the LacI repressor o f  the la c  operon also bind upstream or within the promoter 
blocking or inhibiting R N A  ploymerase activity.
1.3.2. Promoters involved in the response to D N A  damage.
Inducible D N A  repair pathways enable cells such as E. c o li to have an increased 
resistance to the damaging effects o f  mutagens and radiation. Two such 
pathways include the cellular adaptive response to alkylating agents and the 
Save our Souls (S O S ) response that acts to repair D N A  damage..
i) Response to alkylating agents, the adaptive response.
Alkylating agents generate base derivatives that cause miscoding, for example, 
0 6-methylguanine and 3-methyladenine. O f  these 0 6-methylguanine is the m ajor 
mutagenic lesion in D N A  caused by methylating agents (L indahl and Sedgwick, 
1988). This particular base directs the incorporation o f  T  or C  and hence results 
in G -C  to A -T  transition.
Adaptive responses have evolved that repair these harmful derivatives. 3- 
methyladenine is removed via excision repair while 0 6-methylguanine is 
removed via transfer o f  the 0 6-methyl group directly from the alkylated D N A  to 
a cysteine residue in a methlytransferase (Olsson and Lindahl, 1980) thus 
regenerating the guanine residue present in the D N A . During this process the 
methyltransferase undergoes irreversible inactivation and as there is no cellular 
mechanism to reverse the process it becomes an inactive protein. Thus the repair
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alkylating agent forms a large number o f  0 6-methylguanine residues than 
number o f  available transferase molecules (Lindahl and Sedgwick, 1988).
The major 0 6-methylguanine D N A  methyltransferase o f  E. c o li was found to be 
the product o f  the regulatory a d a  gene (Teo e t  a l ., 1984) which with three other 
genes, alkA , a lkB  and a id B  forms a set that are involved in the adaptive response 
(L indahl and Sedgwick, 1988). A d a  has a dual role, not only is this a D N A  repair 
enzyme it is also a positive regulator o f  the response, figure 1.2.
Figure 1.2. Regulation o f  the adaptive response to alkylating agents (Lindahl and 
Sedgwick, 1988).
a id B  a d a  a lk B  a lkA
L ow  level gene expression
Low level repair o f  D N A
0 6-methylguanine
guanine
V T
Enhanced repair
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Ada protein binds specifically to the promoter o f  a d a  and alkA  genes after 
methylation and it has been shown that the both promoters contain the D N A  
sequence o f 5’A A A N N N A A A G C G C A , where N  denotes any nucleotide, (Teo e t  
a l ., 1986) which does not occur in any other promoter (L indahl and Sedgwick,
1988).
The adaptive response to simple alkylating agents such as N -m e th y l-N ’-n itro -N -  
n itro so g u a n id in e  (M N N G ) should thus increase the expression o f  the four genes 
listed. As it is unknown if  the a id B  promoter has the D N A  sequence o f  
5’A A A N N N A A A G C G C A  then it could be induced by other responses hence 
reducing its specificity to alkylating agents.
The gene alkA  codes for 3-m ethyladenine-DNA glycosylase and is involved in the 
repair o f  3-methyladenine II (L indahl and Sedgwick, 1988). The promoter from  
this gene has been fused to the lux operon (Vollmer, e t  a l , 1997) and has been 
shown to be responsive to M N N G .
ii) The SOS response.
The SOS response in E. c o li is initiated in response to agents that damage D N A  
or interfere with D N A  replication resulting in single- stranded D N A . The 
resulting complex repair mechanism reduces the possibility o f  D N A  mutation or 
cell death (W alker, 1985). Two m ajor proteins, the gene products o f  lexA  and 
recA , control the complex circuitry. W here there are no D N A  damaging agents 
present in the organisms environment the L exA  protein acts as a repressor, 
restricting expression o f  the SOS genes by binding to sequences, (SO S  boxes)
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(W alker, 1984). The consensus sequence for a L exA  binding site is taCTGatata- 
a -aC A G ta  (W alker, 1984) (uppercase letters show conservation between 
promoters.) Although LexA  is a repressor o f  gene expression, SOS genes are 
expressed at basal levels, perhaps affected by the distance o f  the L exA  binding 
site to the promoter (Backendorf, e t  a l ., 1983) or the presence o f  another 
unregulated promoter (Sancar, e t a l ., 1982). LexA  represses several genes, 
examples o f  which include u vrA , u vrB , u vrD , su lA , ruvA B , recA , recN , recN , 
u m u D C , and the more recently characterised p o lB , d in G  and d in H  (Lew is e t  a l ., 
1992). The gene product o f  recA  is responsible for the removal o f  L exA  
repression. On receipt o f  the inducing signal, by binding to single stranded D N A  
and A T P  (D iCapua e t  a l., 1992) the enzymatic activity o f  RecA  is activated and 
goes on to proteolyrically cleave L exA  (W alker, 1985). Thus repression o f  the 
SOS genes is lifted, illustrated in figure 1.3, and as the L exA  pool decrease, the 
SOS genes are expressed at higher levels (W alker, 1985). The recA promoter has 
been fused to the lux  operon and had the most dramatic increase in 
bioluminescence compared to that with uvrA  and alkA  promoter-reporter gene 
fusions (Vollm er e t a l., 1997).
2 8
Figure 1.3. Model o f  SOS regulatory system (W alker, 1985).
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1.3.3. The stress inducible promoters grpE and dnaK.
In response to heat stress, using the E. c o li model, the positively acting R N A  
polymerase subunit a 32 (the product o f  the r p o H  gene (Grossman, e t  a l., 1984)) is 
responsible for the transcription and regulation o f  20 or more heat shock genes 
(Neidhardt, e t  a l ,  1984). These include d n a K , encoding HSP 70, g ro E L , encoding 
HSP 60 and grp E  that encodes a protein that interacts with HSP 70 and 60 (Ang and 
Georgopoulos, 1989, Ang e t  a l ,  1986, Langer, e t  a l ,  1992 and Liberek, e t  a l ,  1991). 
Induction o f  these HSPs occurs through the activation o f  transcription from promoters 
recognised by R N A  polymerase that contains cr32 (Cowing, e t  a l ,  1985 and Grossman 
e t  a l ,  1984). It is thought that the cellular* concentration o f  a 32 during steady state 
growth is low at 10 - 30 molecules per cell (Craig and Gross, 1991) because a 32 is an 
unstable protein with a half life o f  approximately one minute (Tilly, e t  a l ,  1989). On 
heat shock, the levels o f  cr32 rapidly rise (Straus, e t  a l ,  1987) and evidence indicates 
that the increase in synthesis after a shift from 30 to 42 °C occurs primarily at the 
translational level (Nagai, e t  a l ,  1991). At the higher temperature, molecules diffuse 
through media at increased rates that may result in a greater number o f  ribosomes 
translating the m RNA. The greater the number o f  ribosomes bound the more stable 
the m RNA, thus increasing the temperature will reduce the rate o f  its degradation and 
perhaps result in a temperature dependent increase in translation. The raised levels o f  
a 32 then enable it to compete with a 70 for the R N A  polymerase core enzyme (Yura, e t  
a l ,  1993), resulting in a 70 being displaced and allowing <r32 to bind, resulting in the 
activation o f transcription from the heat shock promoters.
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Control o f  the heat shock response is mediated by negative feedback exerted by the 
heat shock proteins, DnaK, DnaJ and GrpE and these act as negative modulators at 
three levels, repression o f  rpoH m R N A  translation, degradation o f  cr32 and repression 
o f c j32 activity, figure 1.4 (Bukau, 1993). Thus the heat shock proteins will be 
expressed in a short burst followed by a reduction in synthesis due to the negative 
feedback effect.
Figure 1.4. Control o f  the heat shock response.
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Heat shock proteins can also be induced by various starvation conditions and by the 
presence o f  chemical pollutants. Exposure o f  growing batch cultures o f  E .c o li to 
different pollutants resulted in the induction o f  13 to 39 proteins, some o f which 
overlapped with those from heat shock (Blom, e t  a l ,  1992). This suggests that 
monitoring the heat shock response may be a sensitive method for detecting 
environmental pollutants that induce stress in bacteria. This has been demonstrated by 
the fusion o f  the heat shock promoters o f  dn a K  and g rp E  to the lux genes o f  V ibrio  
fisc h e r i. This resulted in increase light production in response to many chemicals, for 
example ethanol, propanol, phenol and hydrogen peroxide and many others by the 
bacterial strains used (Van  Dyk, e t  a l., 1994, 1995).
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1.3.4. Promoters involved in the response to oxidative stress.
i) The so x R S  regulon.
In response to superoxide or nitric oxide, the so x R S  regulon is expressed (Figure 1.5). 
This contains antioxidant genes, for example superoxide dismutase (so d A ), 
endonuclease IV  (n fo), and N A D P H  oxidoreductase (fpr) (reviewed by Demple, 
1996). SoxR controls expression o f  the regulon. In response to a redox signal SoxR  
initiates expression o f  SoxS. Increased levels o f  SoxS then stabilises the binding o f E. 
c o li a 70 R N A  polymerase by 10 to 20 fold (L i and Demple, 1994) to the promoters o f  
the soxR S  regulon. It has been shown that SoxR has a FeS centre and it thought that 
this is involved in the signalling mechanism that connects SoxR with the expression 
o f  so x S  (Demple, 1996).
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Figure 1.5. The so x R S  regulon, illustrating the two stage transcriptional induction and 
the consequent gene expression (adapted from Demple, 1996).
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ii) The O xyR  system o f E. coli.
Active oxygen species (superoxide anion, hydrogen peroxide and hydroxyl radical) 
are formed by the incomplete reduction o f  molecular oxygen in aerobic respiring 
organisms and by radiation, light, redox active drugs such as paraquat and plumbagin 
or stimulated macrophages (Storz e t  a l ., 1990) (Figure 1.6).
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F ig u r e  1 .6 .  R e a c t io n s  in v o lv in g  r e a c t iv e  o x y g e n  s p e c ie s  ( S t o r z  et al. , 1 9 9 0 ) .
1) 0 2 - »  0 2 ' —» H2O2 —> 2HO +  H 20  —»  H 20  (stepwise cellular reduction o f  0 2)
2) paraquat +  enzymatic reduction —» reduced paraquat +  0 2 ->  paraquat +  0 2 '
3) 0 2 ~ +  H 2 —> H2O2 +  0 2
4) 2H2O2 —> O2 +  2H20  (enzymatic reaction)
5) Fe2+ +  H2O2+  H+ ->  Fe3+ +  H O  +H 20
The superoxide anion (O 2') is a product o f  the respiratory chain when oxygen is used 
as the terminal electron acceptor and is converted to hydrogen peroxide by superoxide 
dismutase. Hydrogen peroxide is converted to water by catalase. Free-radical damage 
may be conservative and propagative; that is radical interactions with cell constituents 
may produce secondary and tertiary free radicals produced from lipids, amino acids, 
ascorbic acid and D N A . Thus all biological molecules can be damaged by oxidative 
stress resulting in lipid oxidation and cell lysis, D N A  lesions causing base changes 
and amino acids that are oxidised impairing protein function. As a result cells may 
die, possibly resulting in tissue necrosis, fibrosis or even cancer and the effect may be 
devastating on the organism concerned.
Clinical conditions in which involvement o f  oxygen radicals has been suggested 
include: radiation injury, ageing, cigarette smoke and organic particulate effects on 
the lung, mineral dust pneumoconiosis, asbestos carcinogenicity, atherosclerosis, 
heavy metal nephrotoxicity, liver injury due to carbon tetrachloride poisoning, 
cataractogenesis and skin cancer due to sunlight or chemical exposure (Halliwell, 
1990).
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In defence to oxidative stress, bacteria have a defence system first demonstrated by 
preheating E. co li with low  doses o f  hydrogen peroxide. It was found that they adapt 
to subsequent lethal doses (Demple and Halbrook, 1983) and increase the expression 
o f approximately thirty proteins which overlap with the heat shock proteins (Morgan  
e t  a l ., 1986). O f  these proteins, 12 are expressed immediately, within ten minutes and 
the other 18 inside the hour (Christman e t  a l., 1975). 12 genes expressed immediately 
are under the control o f  the OxyR gene product and include k a tG  (HPI catalase), 
ahpC , a h p F  (alkyl hydroperoxidase reductase) (Christman e t  a l ., 1975), g orA  
(glutathione reductase), o x yS  (function yet unknown) (Christman e t  a l., 1975), d p s  (a 
non-specific DNA-binding protein) (Altuvia e t  a l., 1990), h em F  (coproporphyrinogen 
III oxidase), r e sC  (encoding a sensor-regulator protein o f  capsular polysaccharide 
synthesis genes) and f 4 9 7  (an open reading frame, similar to arylsulphatase-encoding 
genes) (Mukhopadhyay and Schellhorn, 1997). OxyR represses these promoters and 
its own expression in reducing conditions, however in an oxidising environment 
OxyR is able to activate transcription (figure 1.7) (Storz e l a l ,  1990) and suggests that 
OxyR is the sensing element o f  oxidative stress.
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Figure 1.7. OxyR mediated control o f  transcription in reducing and oxidising 
environments.
Dnase I footprinting using oxidised and reduced OxyR have shown different 
footprints, the oxidised OxyR  is longer than the reduced form o f  the protein indicating 
that OxyR may have a different conformation in each redox state (Storz e t  a l ., 1990). 
Recent studies have reported that an oxidised OxyR recognises a motif comprised o f  
four ATAGnt elements spaced at 10 bp intervals and contacts these elements in four 
adjacent major grooves on one face o f  the D N A  helix (Toledano e t a l ., 1994). In 
contrast reduced OxyR contacts two pairs o f  adjacent major grooves separated by one 
helical turn (Toledano e t  a l ,  1994) and it has been proposed that ‘specific D N A  
recognition by an OxyR tetramer is achieved with four contacts o f  intermediate 
affinity allowing OxyR to reposition its D N A  contacts and target alternate sets o f
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promoters as the cellular redox state is altered’ (Toledano e t a l., 1994), resulting in 
gene expression.
iii) Cellular response to oxidative stress in the stationary growth phase.
A s a growing culture o f  E. c o li reaches stationary phase, over 30 genes under the 
control o f  RpoS are expressed. One o f  these genes encodes HPII, a catalase called 
KatE. Unlike k a tG , k a tE  is not hydrogen peroxide inducible and expression is 
increased by up to 20 times on entering the stationary phase by RpoS directing R N A  
polymerase to express the stationary phase genes. It is thought that RpoS can also 
direct expression o f k a tG , but the role o f  OxyR is unclear. Figure 1.8 illustrates HPII 
regulation (adapted from Schellhorn, 1995).
Figure 1.8. Regulation o f  IrntE and k a tG  during the stationary phase.
Starvation
Induction  o f  r p o S
30 other proteins k a tE k a t G
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Exposure to active oxygen species can either be through external exposure from the 
surrounding environment or orally, through exposure to xenobotics or ingestion o f  
contaminated material. Emissions from petrol and diesel engines have been shown to 
contain compounds that result in the oxidative destruction o f  bio molecules (Blauroclc 
e t  a l., 1992), probably not derived from the carbon particulate matter but entirely from 
polycyclic aromatic hydrocarbons, nitroaromatic compounds and quinones adsorbed 
onto the huge surface o f  these carriers (Vogel and Elstner, 1989). Diesel soot has been 
shown to catalyse the production o f  oxygen radicals (Vogel and Elstner, 1989) and 
nitropyrene in the presence o f rat microsomes to produce the superoxide radical 
(Nachtman 1986). Such radicals may explain tumor induction in the respiratory tracts 
o f animals (Heinrich e t  a l., 1986). Smoking is a major cause o f  human cancers and 
produces many different compounds. Potential oxidative stress has been reported in 
cigarette tar extracts (Nakayama e t  a l., 1989) and in wood smoke (Lachocki e t  a l,
1989).
The chlorinated dioxin, 2,3,7,8-tetrachlorodibenzo-p-dioxin (T C D D ) is one o f  the 
most potent toxins and tumour promoters known to man and occurs as an 
environmental pollutant. It is found as a toxic contaminant o f  the manufacture o f  
2,4,5-trichlorophenoxyacetic acid, a herbicide (Lilienfeld and Gallo, 1989). It has 
been suggested that the tissue damaging effects may be due to oxidative stress 
generated by TC D D  (Stohs, 1990).
Polybrominated biphenyls (PBBs) and polychorinated biphenyls (PCB s) have been 
shown to induce lipid peroxidation that may be due to oxidative stress (Stohs, 1990).
1 .3 .4 .1 .  S o u rc e s  o f  a c t iv e  o x y g e n  s p e c ie s .
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Hydroxyl radicals are produced from water exposed to ionising radiation and are 
considered integr al to the mechanism o f  radiation-induced cellular damage (Trush e t 
a l ,  1982).
Fungi produce toxins that exert their effect through generating oxidative stress, for 
example the fungus F u sariu m  so la n i. These compounds, called Naphthazarins include 
fusarubin, marticin or isomarticin attack cell membranes via lipid peroxidation and all 
share a quinone structure (Heiser e t  a l., 1998). Compounds that contain 
Benzoquinone, naphthaquinone, thioquinone and anthraquinone type structures have 
been shown to generate strong oxidants (Heiser e t  a l ,  1998) due to their ability to 
redox cycle (figure 1.9). Compounds accept electrons (e") via electron donor 
molecules, for example N A D P H , or from reducing enzymes, which then donate these 
electrons to oxygen to form activated oxygen species (0 2 "). These species then react 
with membrane phospholipids and any other molecules present, resulting in lipid 
peroxidation, membrane damage, cell lysis and cell death.
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Figure 1.9. Benzoquinone (left) accepts an electron to form benzosemiquinone 
(centre), which can then accept a further electron to become benzohydroquinone 
(right). These molecules can revert back to benzoquinine with the loss o f  electrons to 
oxygen to form activated oxygen species.
Paraquat, a herbicide and menadione, vitamin K  exert their toxic effect via redox 
cycling generating active oxygen species. In v iv o  redox cycling is increased due to the 
presence o f cellular N A D P H  and cytochrome P450 reductase. These act to reduce 
quinone structures to the intermediate radical which can react, as in figure 1.9, with 
oxygen to result in active oxygen species to form the original structure (Testa, 1992).
Pharmacological agents are also a source o f  oxygen-derived radicals and present a
danger to organisms because they can interact with any tissue and biomolecule.
Xenobiotics such as dialuric acid, 6-hydroxydopamine and
7,8-hydroxychlorpromazine can readily oxidise to semiquinone radicals (Trush e t  a l ,
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1982). Other drugs require enzyme action to reveal radical intermediates, for example 
Estradiol and Ellipticine require metabolism by cytochrome P-450 radicals (Trush e t  
a l ., 1982). P450 also metabolises carbon tetrachloride to yield a trichloromethyl free 
radical (Trush e t  a l., 1982). Xenobiotics may enter the environment through waste 
tips, wastewater or indiscriminate disposal.
1.4. Reporter genes used in prom oter-reporter gene fusions.
1.4.1. Prokaiyotic luciferase, lu xC D A B E ..
Prokaryotic luminescence in V  f is c h e r i directly involves seven genes, five that bring 
about luminescence ( luxC D A B E ) and two that are responsible for the control o f  gene 
expression ( luxIR ). The gene lu x l expresses an autoinducer that binds to IttxR, the 
receptor that stimulates expression o f  the lu xC D A B E  operon. At early growth phase, 
the autoinducer, a diffusible N-acylhomoserine lactone, is produced at a low  
constitutive rate and levels accumulate until concentrations are reached such that it 
then binds to the gene product o f  luxR  (Nealson, 1 9 7 7 ). The combination o f  luxR and 
autoinducer binds to the lux box, a 20 nucleotide inverted repeat (Egland and 
Greenberg, 1999) at the start o f  the lu x l gene and elevates expression o f  the 
lu xC D A B E  operon (figure 1.10).
The luciferase reporter genes are encoded in an operon consisting o f  five genes, 
luxC D A B E , that have been cloned from the wild-type V ibrio f is c h e r i (Meighen, 
1988). Thus promoters from other genes can be fused to this promoterless lux operon 
to give promoter-reporter gene fusions. Figure 1.11 illustrates the operon, its gene 
products and the biochemistry o f  luciferase light production (adapted from Simpson e t  
a l ., 1998).
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F ig u r e  1 .1 0 .  C o n t r o l  o f  e x p r e s s io n  o f  lu m in e s c e n c e  g e n e s  in  V. fisheri.
_R_ JO-J A . 1 B J 2JL. _E_
Figure 1.11. Luciferase bio luminescent reaction illustrating the lux operon, the
regeneration of fatty acid-aldehyde and the emission of light (490 nm).
lux Operon
Promoter C D A 1 B E
Luminescence can be obtained from a construct that encodes the two subunits of the 
luciferase enzyme, lux A and luxB, which results in the simplification of recombinant 
expression systems (Blouin, et al., 1996). However this method requires exogenously 
added substrates, oxygen and co-factors, for example the long-chain aldehyde,
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dodecanal (Blouin et al., 1996) and the reduced form of flavin mononucleotide 
(FMNH2) so that the following reaction can proceed (Stewart and Williams, 1992).
FM NH 2 +  RCHO +  0 2  -► FM N  +  RCOOH +  H20  +  light
As a result, the use of luxAB system as a reporter is limited. The substrates may 
themselves be toxic to the cell and interfere with the experiment. Dodecanal becomes 
strongly inhibiting at high concentrations (Blouin et al., 1996), added to the reaction 
to ensure that it is not limiting. Other luciferase reactions from other organisms are 
summarised in figure 1.12.
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Figure 1.12. Other luciferase reporter genes available (adapted from Bronstein et al.,
1994).
F irefly  luciferase
L u c  gene  ► Firefly luciferase + M g2+
ir
ATP + firefly luciferin + 0 2 -----------------------
R e n i l l a  luciferase
L u c  gene  ► R e n i l l a  luciferase
i r
Colenterazine + 0 2  ► Colenteramide + light (482 nm)
V a r g u l a  luciferase
L u c  gene  ► v a r g u l a  luciferase
V a r g u l a  luciferin + 0 2  ► Oxyluciferin + light (460 nm)
The V. fisheri reporter gene has been used in many promoter-reporter gene fusions
(table 1.1). Bio luminescent reporters allow the quantification of gene expression in 
real time and do not require cell lysis to measure protein expression. The 
luminescence genes can be expressed in a variety of host bacteria, such as E. coli that 
do not have natural luminescence and thus provide a low or zero background 
luminescence. More recently, the luxCDABE operon from P. luminescens has been 
cloned (Winson et al., 1998) and used in promoter-reporter fusions in the detection of
tetracyclines (Kurittu et al., 2000), the detection of nitrate (Prest et al., 1997) and
AMP + oxyluciferin + ppi + light (560 nm) 
ppi = inorganic phosphate
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more recently, geneotoxicity detection (Davidov et al., 2000). The luxCDABE operon 
from P. luminescens is stable up to 45 °C (Winson et al., 1998) and produces a more 
stable signal that does not decline during a time course after the initial induction of 
luminescence (Prest et al., 1997). Also, it is observed that a higher background 
luminescence is observed when the lux operon from P. luminescens is used instead of 
that from V. fisheri (Davidov et al., 2000). This could be put to good use by providing 
an initial ECso, as with the Microtox test, and prevent false negative results that could 
occur when the toxicity being biosensed inhibits the luminescent response.
1.4.2. Green Fluorescent Protein.
The two GFPs that have been characterised thus far come from marine invertebrates, a 
Pacific Northwest jellyfish, Aequorea victoria and a sea pansy from the Georgia coast 
line known as Renilla reniformis (Cubitt, et al., 1995). Both GFPs in vivo derive their 
excitation energy from the bio luminescence produced when the primary photoprotein 
Aequorin binds calcium (Shimomura, et al., 1962). Blue light is emitted and is 
absorbed by GFP, which then fluoresces green (Morise, et ah, 1974). Aequorea GFP 
is a protein of 238 amino acid residues that forms the basic structural motif of eleven 
p-strands surrounding a central a-helix, which bears the fluorophore (Youvan and 
Michel-Beyerle, 1996). A  model of the structure of GFP is shown in figure 1.13. It 
has excitation wavelengths of 395 and 475 nm and emission maxima of 508 nm 
(Morise et al., 1974), illustrated in figure 1.14. GFP owes its visible absorbency and 
fluorescence to£-hydroxybenzylidene-imidazolinone chomophore (Cody et ah, 1993) 
formed by cyclisation of Ser65, Tyr66 and Gly67 and 1,2-dehydrogenation of the 
tryosine, figure 1.15.
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Figure 1.13. Basic structure of Aequorea GFP (Image from the cover of Nature 
Biotechnology, Yang, et a l, 1996).
Figure 1.14. GFP absorbs blue light (390 nm) and emits green light at (510 nm), 
depending on the variant used (Haseloff, 1997).
Figure 1.15. Maturation of apoGFP to mature GFP via cyclisation of ser65, Tyr66 
and Gly67 and 1,2-dehydrogenation of the tryosine (Haseloff, 1997).
apoGFP GFP
< ch: f y
J L .  ° +h 2o
+2H +
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Figure 1.16. Constitutive expression of GFPuv in E. coli (taken using a fluorescent 
microscope).
The mature purified protein is highly stable, remaining fluorescent up to 65 ° C, pH 
11, 1 %  sodium dodecyl sulphate (SDS) and resisting proteolysis by proteases for 
many hours (Cubitt et al., 1995). Consequently GFP would give a stable signal if used 
as a reporter system. At high ionic strength, it tends to dimerise which suppresses the 
excitation peak at 475 nm (Cubitt et al., 1995). Cyclisation occurs post- 
translationally, hence the nascent protein is not fluorescent and requires an oxidation 
step that involves molecular oxygen (Heim, et al., 1994), consequently the rate of 
cyclisation and formation of mature GFP could be reduced where oxygen is in limited 
supply.
GFP has been successfully expressed and mature protein formed in a variety of 
species illustrated in table 1.2 and figure 1.16, illustrating constitutive expression in E. 
coli. Formation of the chromophore is possibly autocatalytic or involves other 
proteins that are ubiquitous (Heim et al., 1994). No other exogenous substrates and 
cofactors are required for fluorescence and GFP does not appear to have a toxic effect 
on cells (Chalfie et a l 1994). GFP allows real-time or direct detection of bacteria and 
gene expression, simply requiring irradiation by blue light, for example via the
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utilisation of a fluorimeter hence minimising further laboratory work and support 
materials. These qualities of GFP expression make this protein ideal for use as a 
reporter to monitor gene expression, protein localisation and to give an indication of 
toxic waste if placed next to the appropriate inducible promoter.
Table 1.2. Examples of GFP expression in both prokaryotes and eukaryotes.
Organism Comments Reference
Drosophila Expression under 
control of GAL 4 
enhancer trap.
Yeh e ta l, 1995.
Maize protoplasts Cauliflower mosaic 
vims 35S promoter
Hu et al., 1995.
Hela cells Fusion protein with 
Chromogranin B
Kaether et a l, 1995.
BHIC cells None Olson etal., 1995.
E. coli Monitoring survival 
of G E M
Leff e ta l, 1996.
B. subtilis Visualization of cell 
specific gene 
expression
Webb, e ta l, 1995
S. cerevisiae Localisation to the 
nucleus
Cubitt et al., 1995.
Through molecular evolution using D N A  shuffling (Crameri et al., 1996) several 
optimised GFP variants have emerged and include pGFPuv, pEGFP (Eukaryotic 
GFP), pEBFP (Eukaryotic Blue Fluorescent Protein) and pEYFP (Eukaryotic Yellow 
Fluorescent Protein) (Clontech). Their features are illustrated in Table 1.3. These are 
brighter than wild type GFP and have been codon optimised for expression in 
prokaryotes (pGFPuv) and in eukaryotes (pEGFP, pEBFP and pEYFP). GFPuv is 
eighteen times brighter than wild type GFP when expressed in E. coli (Clontech). 
GFPuv is 242 amino acids long with an ampicillin resistance selectable marker, 
pUC19 origin of replication and has both 3’ and 5’ multiple cloning sites. Five Arg 
codons from the wild type GFP gene have been replaced by codons preferred in E.
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coli, increasing translational efficiency (Crameri et al., 1996). This variant is ideal for 
visualising bacterial colonies expressing GFPuv using U V  light.
Table 1.3. Features of optimised variants of GFP.
Vector Excitation Maxima (nm) Emission Maxima (nm)
PEBFP 380 440
PEGFP 488 507
PEYFP 513 527
PGFP 395 509
pGFPuv 395 509
One must be aware that the use of GFP lacks one stage of amplification that is built 
into true enzymatic reporter systems where each protein molecule can generate 
thousands of chromophore or fluorophore molecules (Cubitt et al., 1995).
As each GFP protein represents one fluorophore, high levels of expression, for 
example up to 106 molecules may be necessary to give an identifiable signal (Cubitt et 
al., 1995). No amplification could result in a lower sensitivity when using GFP than 
over the other reporters mentioned above, however as the protein is stable, the signal 
accumulates thus this could be a insignificant problem. Also the use of a brighter GFP 
mutant, for example, GFPuv could overcome the lack of signal amplification. 
Sensitivity could be lowered further due to autofluorescence of the sample and plastic 
containers, scattering of light by whole cells and limited penetration of excitation 
light. These problems may be less significant if GFP is expressed from a strong cell 
type specific promoter and if used as a long-term marker. One must wait to observe 
switch on, as observed with the katG’::lux fusion (Belkin, et al., 1996), that takes 
twenty minutes until an increase in luminescence is recorded. Also, as GFP is a stable
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molecule decreases in gene expression may not be reflected in the fluorescence 
measured (Cubitt et al., 1995) thus destabilised GFP variants have become available 
for real time analysis.
1.5. Constraints of promoter-reporter gene fusions and solutions.
Reporter-promoter fusions do not specifically identify what toxicants are present in a 
particular sample. A  method to increase specificity is to use promoters that are only 
induced in the presence of as few substrates as possible, for example, a promoter that 
is only responsive to nitrates (Prest at al., 1997) and tetracyclines (Kurittu et al., 
2000). However if compounds are present, that are not related to nitrate or 
tetracyclines but happen to interact with the regulatory proteins then an increase in 
luminescence could result. Also, stress responses overlap (Blom et al., 1992) thus one 
toxicant may cause an increase in luminescence in more than one promoter-reporter 
fusion. An alternative approach could be to add in enzymes to the system, the 
products of which induce an increase in luminescence in a particular promoter- 
reporter fusion and consequently indirectly identify a compound in the sample. 
Potentially enzymes are more specific and if panels of enzyme and promoter-reporter 
fusions are used, not only the molecular nature of damage is identified but the 
compound of interest can also be measured.
Commercially, many oxidase enzymes are available that have been used for electrode 
biosensors. These include glucose oxidase, lactate oxidase, xanthine oxidase and 
glycerol-3-phosphate oxidase. These oxidase enzymes react with a substrate to yield 
hydrogen peroxide. This product can be detected with a /ca/G-reporter fusion. Thus if 
the JcatG promoter is fused with the lux operon from P. luminescens and GFPuv, then 
novel, improved oxidative stress biosensors can be constructed to prove the principle
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of increasing the specificity by adding enzyme adjuncts to a promoter-reporter fusion. 
The response from the katG promoter when fused to GFPuv or the lux operon from P. 
luminescens can also be compared.
The lux operon from P. luminescens provides a background luminescence with no 
inducing agent present (Davidov et al., 2000). This can be used to provide an EC5o to 
prevent false negative results, resulting from excess toxicity inhibiting luminescence. 
Thus novel ‘three in one’ biosensors are possible, providing EC5o determination, 
identification of the molecular nature of damage and measurement of the specific 
toxicant.
Enzymes exist that digest carbohydrates to produce glucose. Thus if glucose oxidase 
generates enough oxidative stress such that a pkatGlux biosensor can detect it, then 
two enzymes could be put in series. For example, amyloglucosidase and a-amylase 
digest starch to glucose, galactosidase digests lactose into galactose and glucose and 
cellulase digests cellulose to glucose. The glucose and hence particular carbohydrate 
could be detected with glucose oxidase. Putting enzymes in series form an artificial 
signal transduction pathway. Carbohydrate sensors maybe useful in pollution control, 
for example, from processing wastewater from the potato or rice industry containing 
starch (Reiss et al., 1998) or wastewater from sugar factories containing organic 
pollution (Ramjeawon and Baguant, 1995). Carbohydrate pollution in river water 
encourages microbial growth that consumes and hence reduces the oxygen tension 
thus killing naturally occurring species. The advantage of using a whole cell microbial 
biosensor is that the oxidative stress sensor is protected from the river water and 
interfering species by a microbial membrane. River water may contain inorganic and 
organic debris, thus if the sensing element is within a cell, not only is it protected, but
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it will be continually regenerated. Also the cell will be in the sample with the enzymes 
of interest and be optimally exposed to enzyme products. If by adding in oxidase 
enzymes it is possible to measure specific substrates with the whole cell sensor then 
these could be cloned and expressed in the E. coli strain used so that they are also 
protected from interfering species and continually regenerated.
1.6. Issues that affect the use of promoter-reporter gene biosensors.
1.6.1. The advantage of using E. coli as the host.
Whole cell biosensors are easy to culture and maintain. Litres of culture of E. coli can 
be easily grown over night for use and can be freeze dried for future use. E. coli are 
easy to manipulate and the genomic sequence data is freely available on World Wide 
Web databases.
1.6.2. Time taken to record a response from a whole cell biosensor.
Whole cell biosensors do not give instantaneous results as with, for example, 
electrochemical, optical, acoustic or calorimetric devices (Griffiths and Hall, 1993). 
They are rapid in respect to the conventional technique of removing a sample and 
transporting it to a laboratory based analytical tool, HPLC, M S  or GC for sample 
preparation and then analysis. With bio luminescence, for example, an indication of 
toxicity can be achieved within an hour (Belkin, et al., 1996) and without the 
requirement for expensive laboratory equipment. As promoter-reporter gene fusion 
responses to toxicants appear to be dose-responsive (Belkin, et al., 1996) not only the 
qualitative presence of toxicity but the quantity of pollutant can be indicated.
1.6.3. Bioluminescent instruments for online monitoring.
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An electrical device is required to convert the signal into a quantitative value. Online 
bio luminescent- bioreporter integrated circuits have been described (Simpson et al., 
1998) and attempts made to turn these into portable devices (Biomate™, Edinburgh 
instruments Ltd.). Similarly online fluorescent sensors with blue light emitting diodes 
have been described with the aim of developing an online tool to optimise conditions 
for the production of fusion proteins (Randers-Eichhorn, 1997). Also microbial cells 
have been immobilised in a flow through system for the detection of biochemical 
oxygen demand (Heim et al., 1999) and this could be adapted to detect luminescence 
or fluorescence in a continual online fashion. Thus the potential exists to develop fully 
operational and integrated devices that could be used in the field.
1.6.4. Awareness of issues surrounding Genetically Modified Organisms.
The cells, for example those in table 1.1, are Genetically Modified Organisms 
(GMOs) thus recent public concerns apply, for example safety considerations for 
humans and the ecological threat they may impose should they be accidentally 
released into the environment.
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M e t h o d s
2.1. Introduction.
This chapter describes the methods used during the course of the project, the 
construction of the promoter-reporter gene fusions, pkatGlux and pkatGuv and 
associated molecular biological methods and the methods used to measure 
luminescence and fluorescence that results from the expression of the promoter- 
reporter gene fusions in Escherichia coli (strain; K12, NCTC W 1 10611).
2.2. Strains and Plasmids.
C h a p t e r  2
Plasmid or strain Description Reference
Plasmids:
pGFPuv Multiple cloning site 
upstream and down stream of 
GFPuv gene. Ampicillin 
resistance gene present.
Clontech.
pGern-T Linear vector that has 3’-T 
overhangs for cloning PCR 
fragments that have 3’-A 
overhangs.
Promega
pUC19 Cloning vector. Ampicillin 
resistance gene present.
Yanisch-Peron et 
a l, 1985.
pSB417 luxCDABE operon from 
Photorhabdus luminescens 
cloned into pUC18. 
Ampicillin resistance gene 
present.
Winson et al., 1998.
pluxl 9 luxCDABE operon from 
Photorhabdus luminescens 
cloned into pUC19. 
Ampicillin resistance gene 
present.
This study.
pkatGlux katG :luxCDABE gene 
fusion. Ampicillin resistance 
gene present.
This study.
pkatGuv katG’::GFPuv gene fusion. 
Ampicillin resistance gene 
present.
This study.
pUV Promoterless GFPuv gene. 
Ampicillin resistance gene 
present.
This study.
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Strains:
DH5a (j)80d/tfcZAM15, recA 1, 
gyrA96, thi-1, supE44, relAl, 
deoR, A(lacZYA-argFjU\69.
Sigma
K12 Wild type E. coli. NCTC W 1 10611
Strain pkatGlux The plasmid pkatGlux in E. 
coli K12
This study.
Strain pkatGuv The plasmid pkatGuv in E. 
coli K12
This study.
Strain pSB417 The plasmid pSB417 in E. 
coli K12
This study.
Strain pUV The plasmid pUV in E. coli 
K12
This study.
2.3. Reagents and media.
All reagents were supplied by Sigma unless otherwise stated. E. coli strains were 
grown in Luria-Bertani (LB) medium at 37 °C, 250 rpm (Gallenkamp Orbital 
Incubator). LB broth consisted of 10 g tryptone (Oxoid), 10 g NaCl (Fischer) and 5 g 
yeast (Oxoid) made up to one litre with distilled water and pH adjusted to pH 7.4. The 
medium was autoclaved. Two times LB broth consisted of 20 g tryptone (Oxoid), 20 g 
NaCl (Fischer) and 10 g yeast (Oxoid) made up to one litre with distilled water and 
autoclaved.
SOB medium was prepared by adding 20 g tryptone, 5 g yeast and 0.5 g NaCl and 10 
ml KC1 (250 mM) to one litre distilled water, pH 7 (HC1). The medium was 
autoclaved. Five times M9 salts were prepared by adding 64 g Na2HP0 4.7H 20 , 15 g 
K H 2PO4, 2.5 g NaCL and 5 g N H 4CL to one litre of H 20. Medium was autoclaved. 
For one litre of M9 medium, 200 ml of 5 times M9 salts were added to 20 ml 20 %  
glucose (sterile), 780 ml H 20 (sterile), 500 pi 20 %  MgS0 4 (sterile), 1 ml 1 %  FeS04 
(sterile) and 1 ml 0.1 M  CaCl2 (sterile) to give M9 minimal medium. Any 
supplements to M9 medium were added as sterile solutions and the amount of H 20 
(sterile) added adjusted accordingly.
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Yeast free medium consisted of 10 g tryptone and 10 g NaCl made up to one litre with 
distilled water and autoclaved. Tryptone free medium consisted of 5 g yeast and 10 g 
NaCl made up to one litre with distilled water and autoclaved. These medium, where 
used, were used instead of LB medium throughout luminescence assay.
2.4. Extraction of genomic DNA from E. coli (Pitcher et al., 1989).
All E. coli strains were grown in LB medium at 37 °C, 250 rpm (Gallenkamp Orbital 
Incubator). Broth cultures were harvested by centrifugation at 3000 rpm for 10 min 
(Labofuge M. centrifuge). Cells were resuspended in 100 pi of Tris-EDTA (TE) 
buffer (2 m M  Tris-HCl and 2 m M  EDTA) and lysed with 0.5 ml GES reagent (5 M  
Guanidium thiocyanate, 100 m M  EDTA and 0.5% v/v Sarkosyl. Cell suspensions 
were vortexed briefly and checked for lysis. 0.25 ml ice-cold 7.5 M  ammonium 
acetate was added and samples were held on ice for 10 min. The suspensions were 
then transferred to Eppendorf tubes and 0.5 ml chloroform/isoamylalcohol mixture 
(24: 1 v/v) added. The phases were mixed thoroughly and centrifuged atl4000 rpm 
for 10 min. Supernatants were removed and transferred to fresh Eppendorfs and 0.54 
volumes of cold isopropanol added. The tubes were inverted for 1 min to mix the 
solutions and the fibrous D N A  precipitate was deposited by centrifugation for 20 s to 
form a pellet at the bottom of the tube. Pellets were dried in a warm room and 20 pi of 
sterile water was added to resuspend the pellets. 1 pi of resuspended D N A  was then 
added to 5 pi loading buffer and 5 pi sterile water. 5pl of this solution was then 
loaded on to a 0.8 %  agarose gel (Kramel Biotech) (with ethidium bromide (etbij) 
along with a X marker (1 pg) (23130 - 125 bp) and run at 10 V, 10 m A  overnight. The 
remaining sample was stored at -20 °C.
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2.5. Construction of the plasmids containing the promoter-reporter gene fusions 
called pkatGlux (katG promoter region of the catalase gene (Tartaglia et al., 
1989) fused to the luxCDABE operon of Photorhabdus luminescens (Winson et 
al., 1998)) and pkatGuv (katG promoter region of the catalase gene (Tartaglia et 
al., 1989) fused to the GFPuv gene of Aequorea victoria (Crameri et al., 1996)).
The lux cassette of pSB417 (Winson et al., 1998) was excised and ligated into EcoR I 
(Promega) -digested pUC19 to give the vector, pluxl 9. This was because SB417 was 
made with an EcoR I fragment, not with a Pst I fragment as described (Winson et al., 
1998). The backbone vector ofpSB417 was pUC18 (not pUC19 as described (Winson 
et al., 1998)) and this has an EcoR I site at the 5’ end of the multiple cloning site 
(mcs), with the remaining cloning sites towards the 3’ end of the multiple cloning site. 
Thus if the operon is ligated into this EcoR I site then the remaining restriction sites in 
the multiple cloning site will lie at the 3’ end of the lux fragment. Restriction sites for 
the insertion of gene fragments are necessary at the 55 site, as this is where the 
transcriptional start elements of the lux operon lie. To clone PCR fragments into the 
5’ multiple cloning site site the operon was cut and ligated into pUC19 that has the 
mcs reversed compared to pUC18. Thus the lux operon will lie at the 3’ side of the 
multiple cloning site.
To construct pkatGlux the katG promoter region from E. coli was obtained via PCR 
amplification (Stratagene Optiprime Kit) from a K12 chromosomal D N A  preparation 
yielding a 688 bp fragment. PCR primer sequences (5’- 
GTCACCCGGGGTTCAGATC and 5 ’ -G AAT ATT CCCCGGG AT AT GGT G) 
(Sigma-Genosys) were based on GenBank (http://www.ncbi.nlm.nih.gov/web/search)
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sequence data and the sequence analysis of E. coli katG promoter region (Tartaglia et 
al., 1989). Both primers include sequences that contain Xma I restriction sites. PCR 
products were cloned using the pGem T-vector (Promega) and constructs used to 
transform DH5a (Sigma-Aldrich) competent cells. Cells were grown on LB- 
ampicillin (100 pg/ml) and clones were identified by insertional inactivation of lacZ 
in presence of Xgal (0.1 mg/ml) (Gibco BRL) and confirmed by sequencing (abi, 
Applied Biosystems 373A D N A  Sequencer). A  clone, with a verified sequence, was 
digested using Xma I and the excised 688 bp fragment ligated into Xma I - digested 
pluxl9 (the lux operon does not contain an Xma I restriction site), to give the 
promoter-reporter fusion, pkatGlux. E. coli K12 was transformed with this plasmid to 
give the strain pkatGlux.
The reporter gene construct, pkatGuv was made, using PCR to yield a 300 bp 
fragment in which the katG promoter lies. PCR primers (5’- 
AGC AC A G C  AT GCT GCCT CG A  A  and 5 ’ -GAT AT CGT CT GC AGGCGCTC AT) 
(Gibco BRL) were based on GenBank (http://www.ncbi.nlm.nih.gov/web/search) 
sequence data and the sequence analysis E. coli katG promoter region (Tartaglia et al., 
1989). The sense oligonucleotide contained a Sph I restriction site and the anti sense, 
a Pst I restriction site to ligate the catalase gene fragment upstream of the GFPuv gene 
in the correct orientation. PCR products were blunted using the Klenow fragment and 
were cloned into Smal digested pUC19. Insertion was confirmed by digestion with 
Sphl and Pst 1 and this fragment ligated into the mcs of Sph 1- and Pst 1 - digested 
pGFPuv (Crameri et al., 1996) to give pkatGuv. E. coli K12 was transformed with 
this plasmid to give the strain pkatGuv.
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2.5.1. Polymerase Chain Reaction (PCR) (Gibbs, 1990 and White et al., 1989) of the 
katG promoter region of the catalase gene of E. coli was carried out as follows:
8 sterile microcentrifuge tubes were labelled and 5 pi of buffer (100 m M  Tris-HCL, 
35 m M  MgCfy 750 m M  KCL, pH 8.3 (Stratagene)) was added to each. Into a single 
sterile microcentrifuge tube 406 pi of sterile water, 9 pi of Master Mix 50x buffer 
(final concentration of 400 p M  Tris-HCL (pH 8.0) and 5 m M  EDTA (Stratagene)), 9 
pi of 10 m M  dNTPs (2.5 m M  each dNTP) (Stratagene), 2 pg of each of the two 
oligonucleotide primers, 2.5 pg of the genomic D N A  template and 20.0 U  of Taq 
D N A  polymerase (Stratagene) were placed. 45 pi of this reaction mixture was then 
added to each of the 8 microcentrifuge tubes and 25 pi of sterile white paraffin oil 
was layered over each of the tubes to seal the reactions. Tubes were placed in the 
thermal cycler (Hybaid Omnigene PCR block) and cycled according to the following 
conditions described in table 2.1.
Step Temperature (°C) Time (min)
1 94 3
2 55 2
3 72 1.5
4 94 1
5 55 1
6 72 5
7 25 hold
Table 2.1. PCR Thermocycler parameters used in the amplification of k a t G  gene fragment.
Cycle steps 3 to 5 were repeated 30 times. 2 pi of each PCR product was loaded on to 
a 1 %  agarose gel (with etbr) with PCR markers (50-2000 bp) and was separated by 
electrophoresis at 75 V, 50 m A  for approximately 2 hours. The gel showed that 
enough PCR product had been generated and samples were pooled and chloroform 
extracted (2x) to remove any paraffin oil which is deleterious to the DNA. D N A  was 
stored at minus 20 °C.
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The control plasmid pUV was constructed by amplifying the pGFPuv plasmid using 
PCR primer sequences (GIBCO BRL) based on sequence data (Clontech) (sense; 5’- 
AC AGCT ATGACC ATGATTACGCC, antisense; 5
GGAGAGGAAGCTTGCGTATTGG). The pGFPuv plasmid contains a Hind III site 
(shown in bold on the primer) downstream of the lac promoter that is fused to the 
GFPuv gene. As shown in figure 2.1, after PCR pGFPuv possesses a Hind III site 
either side of the promoter. Hence digestion of the PCR product with Hind III and 
religation produced the promoterless construct pUV. Removal of 216 bp containing 
the promoter region was confirmed by sequencing. The plasmids, pkatGlux, pUV and 
pkatGuv were used to transform Escherichia coli K12 (NCTC W110611) to give the 
strains pkatGlux, pUV and pkatGuv.
2 .5 .2 .  P C R  o f  p G F P u v  to  c o n s tr u c t  th e  c o n t r o l  v e c to r  p U V .
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Figure 2 .1 . pGFPuv contains a  novel H i n d  III site  in the 5 ’ m ultip le cloning site  upstream o f 
the l a c  promoter that is fused to the GFPuv gene. After PCR pGFPuv possesses a  H i n d  III site 
either side o f the l a c  promoter. Hence digestion o f the PCR product w ith H i n d  III and 
re ligation  produces the promoterless construct pUV. 
i) pGFPuv
ii) PCR product o f pGFPuv
iii) D igestion o f PCR product w ith H i n d  I I I  and re ligation to g ive pUV
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PCR was carried out as above (i), except Taq Long (Promega) was used. This 
contains Pfu D N A  polymerase that has a proof reading capability. When Taq D N A  
polymerase misincorporates a dNTP, Pfu serves to remove it, reducing the chance of 
error. Taq Long extends at a rate of 2 Kbp per min (Promega). In duplicate, the 
provided high and low salt buffers were used (Promga).
Tubes were placed in the thermal cycler and cycled according to the following 
conditions described in table 2.2.
Step Temperature (°C) Time (min)
1 94 3
2 50 2
3 72 1.4
4 94 1
5 50 1
6 72 5
7 25 hold
Table 2.2. PCR Themiocycler parameters used in the amplification of pGFPuv.
Steps 3 to 5 were repeated 30 times. 2 pi of each PCR product was loaded on to a 1 %  
agarose gel (with etbr) with PCR markers (50-2000 bp) and was separated by 
electrophoreses at 75 V, 50 mAmp for approximately 2 hours. The gel showed that 
enough PCR product had been generated thus samples were pooled and chloroform 
extracted (2x) to remove any paraffin oil, which is deleterious to the DNA. D N A  was 
stored at minus 20 °C.
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2.6. Blunting of katG PCR product (using reagents from the SureClone ligation 
Kit, Pharmacia Biotech).
0.5 |!g of original PCR product, as in method 2, was added to 1 pi of Klenow 
fragment, 2 pi of 10X blunting/kinasing buffer, 1 pi of polynucleotide kinase and 6 pi 
of sterile water. The reaction mixture was incubated at 37 °C for 30 min. During this 
time the Klenow fragment removes any 3’ adenosine overhangs and PCR fragments 
are concomitantly phosphorylated by T4 polynucleotide kinase. 20 pi of 
phenol/chloroform was then added and sample purified on a ‘Microspin’ column. 
Sephacryl S-200 was thawed and inverted several times to resuspend the resin. The 
bottom closure of a microspin column was snapped off and column transferred to a
1.5 ml Eppendorf tube. 500 pi of the resin suspension was then added to the column 
and was spun at 13000 rpm for 30 sec. The column was then placed into a fresh 
Eppendorf and the aqueous portion of the extracted PCR sample applied to the centre 
of the resin bed. The column was the spun at 13000 rpm for 30 sec and eluent 
collected and stored at minus 20 °C.
2.7. Preparation of E. coli competent ceils.
Overnight cultures of E. coli were prepared (4 x 10 ml LB media) and placed on a 
shaker at 37 °C, 250 rpm. Cultures were then placed at 4 °C for 1 hr.
100 ml of SOB media was added to 0.5 ml MgCl2 (2 M) (filter sterile (2 pm filter)). 2 
ml of culture was then added and placed on a shaker at 37 °C, 250 rpm. After 2 hr the 
optical density (OD) was read at 600 nm (Pharmacia Biotech Ultrospec 2000 U V  / 
visible spectrophotometer) and cells were placed on ice for 10 min and centrifuged at 
3000 rpm for 10 min when the exponential growth phase had been reached (O. D. of
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0.6 to 0.7). The supernatant was discarded and the pellet resuspended in 20 ml of 
transformation buffer (10 m M  PIPES, 15 m M  CaCL, and 250 m M  KC1, adjusted to 
pH 6.7 (1 M  KOH) followed by the addition of 55 m M  MnCl2.4H20) (filter sterilised 
with a 2 pm filter)). Cells were placed on ice for 10 min and spun at 3000 rpm for 10 
min. Supernatants were removed and pellets resuspended in 0.5 ml transformation 
buffer. 35 pi of D M S O  was added while swirling and cells were placed on ice for 10 
min. Cells were then placed at -70 °C in cryotubes or used as in 5).
2.8. Transformation of E. coli competent cells with vector DNA.
2 pi of the prepared vector was added to 50 pi of competent cells, prepared in 2.7, and 
the mixture was incubated on ice for a further 30 min. The cells were heat pulsed in a 
water bath at 42 °C for 45 s after which cells were placed on ice for 2 min. 0.45 ml of 
LB medium was then added and cells were incubated at 37 °C for 1 h with shaking. 
100 pi of the transformation mix was spread onto separate LB agar (1.5 %, Oxoid) 
plates containing the correct antibiotic, for example, ampicillin at 100 pg/ml final 
concentration with or without Xgal and IPTG. Plates were incubated overnight at 
37 °C.
2.9. Plasmid miniprep extraction procedure from E. coli.
Overnight cultures of E. coli, transformed with the appropriate plasmid, were 
prepared (2 x 10 ml LB broth plus ampicillin (0.1 mg/ml)) and placed on a shaker at 
37 °C, 200 rpm for 15 h. Broth cultures were harvested by centrifugation (3000 rpm) 
for 10 min and supernatants discarded. 500 pi of solution I was added (50 m M  
glucose, 25 m M  Tris-HCL and 10 m M  EDTA, pH 8.0) to resuspend each pellet. 100 
pi aliquots were then taken and placed in sterile Eppendorf tubes. To each tube 200 pi
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of solution II (0.2 M  NaOH and 1 %  SDS) was added and tubes were mixed gently by 
inverting, ensuring that the entire surface of the tubes came into contact with the 
solution. 150 pi of solution III (60 ml of 5 M  potassium acetate, 11.5 ml glacial acetic 
acid and 28.5 ml water) was then added to each tube. Tubes were vortexed and placed 
on ice for 3 to 5 min and were then centrifuged (12000 rpm) for 5 min at 4 °C. 
Supernatants were transferred to fresh sterile tubes and an equal volume of solution 
IV added (phenol: chloroform: isoamyl alcohol, in the ratio 25: 24: 1, v/v/v). Tubes 
were vortexed and spun (13000 rpm) for 2 min at 4 °C after which the supernatants 
were transferred to fresh sterile Eppendorf tubes and extracted three times using equal 
volumes of chloroform: isoamylalcohol (24: 1 v/v). The supernatants were transferred 
to fresh sterile Eppendorf tubes and D N A  precipitated by adding two volumes of 
ethanol at room temperature. Tubes were centrifuged (13000 rpm) for 5 min and 
supernatants removed and discarded. The pellets were rinsed with 70 %  ethanol and 
air dried for 10 min and was reconstituted in 25 pi of sterile water. Samples were 
stored at -20 °C. To check both the presence and quality of the plasmid preparation 5 
pi of plasmid was removed from each sample and linearised by adding the appropriate 
restriction endonuclease enzyme and RNAse (1 pi). Samples were placed at 37 °C for 
1 h, 4 pi loading buffer added and 15 pi of each digest loaded onto a 1 %  agarose gel 
along with a X marker and an uncut plasmid. A  potential of 75 V, and current of 50 
m A  was applied to the gel for approximately 2 h.
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2.10. Plasmid extraction procedure from E. coli (QIAgen Qiaprep Spin Miniprep 
Kit).
Overnight cultures of E. coli (with the appropriate antibiotic) transformed with the 
appropriate plasmid, were prepared (4 x 10 ml LB broth and placed on a shaker at 37 
°C, 250 rpm. Cultures were then placed at 4 °C for 1 h to bring cells to the stationary 
state. Cultures were then spun at 3000 rpm for 10 min and supernatants removed. 
Cells were resuspended in 1 ml resuspension buffer (50 m M  glucose, 25 m M  Tris- 
HCL and 10 m M  EDTA, pH 8.0) and 0.5 ml transferred to an Eppendorf tube. Tubes 
were spun at 3000 rpm for 5 min and supernatants discarded. Bacterial cells were then 
resuspended with 250 pi Buffer PI (kit resuspension buffer with RNase). 250 pi of 
Buffer P2 (kit lysis buffer) was added and tubes mixed gently by inverting the tube. 
350 pi of Buffer N3 (kit neutralisation buffer) was added and inverting mixed the 
tubes. Eppendorfs were then spun at 14000 rpm for 10 min and supernatants were 
collected and transferred to a QIAprep column placed in a 2 ml collection tube. 
Columns were spun for 1 min at 14000 rpm and the collected liquid discarded. 0.5 ml 
of Buffer PB (contains nuclease inhibiter) was added to each column. Columns were 
spun for 1 min at 14000 rpm and the collected liquid discarded. Columns were 
washed with Buffer PE and were spun for 1 min at 14000 rpm. The collected liquid 
was discarded and the spin step repeated to ensure removal of wash buffer. Each 
QIAprep column was placed into a fresh Eppendorf tube and D N A  was eluted with 50 
pi of Buffer EB (10 mMTris.Cl, pH 8.5), left for 1 min and spun for 1 min at 14000 
rpm. To check both the presence and quality of the plasmid preparation 2 pi of 
plasmid was removed from each sample and 4 pi 6x loading buffer added. Samples 
were loaded onto a 1 %  agarose gel along with a X marker. A  potential of 75 V, and 
current of 50 m A  was applied to the gel for approximately 2 h.
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D N A  digests were carried out using 1 pg of D N A  per 2-10 units of restriction 
enzyme. The appropriate volumes of H 2O and buffer were added to bring the final 
volume to 20 pi. Digests were then placed at the appropriate temperature for 30 min 
after which 4 pi of loading buffer was added. Samples were loaded onto a 1 %  
agarose gel. A  potential of 75 V, and current of 50 m A  was applied to the gel for 
approximately 2 h. Table 2.3 indicates which restriction enzymes and buffers 
(Promega) were used:
2 .1 1 .  D ig e s t  o f  D N A  ( t a b l e  o f  r e s t r i c t io n  e n z y m e s  a n d  d e t a i ls  o f  b u f f e r s  u s e d ) .
Restriction enzyme Recognition sequence Promega Buffer
Hind IE 5’A A G C T T E
Sphl 5’GCATG C IC
P stl 5’CTGCA G H
Xma I 5’ C CCGGG B
Eco Rl 5’G  AATTC H
Sma I 5’CCC G G G J
Table 2.3. Restriction enzymes and buffers used.
2.12. Ligation reactions.
Ligations were carried out by taking the appropriate volume of insert (appendix 2.2) 
to achieve a molar ratio of 1:1, 1:3 01* 3:1 of vector to insert. Ligation buffer 
(Promega), T4 D N A  ligase (Promega) and sterile water was added to the D N A  to 
make the final volume 20 pi. This reaction mixture was then incubated at 16 °C over 
night to give a ‘ligation mix’, used to transform competent cells as in method 2.5.
68
2.13. Screening of transformed cells to check for recombinant plasmid using 
insertional inactivation of the lacZ gene in pUC19.
Colonies showing a white phenotype in the presence of Xgal were picked off agar 
plates and streaked out on to fresh LB-ampicillin agar plates augmented with Xgal 
and IPTG and incubated at 37 °C overnight to confirm that they are indeed white. 
White clones were then picked off these plates and grown overnight (shaking, 250 
rpm) in liquid LB-ampicillin. Plasmids were then extracted (method 2.10.) and either 
cut using the appropriate restriction enzymes or left uncut. Samples were 
electrophoresed on a 1 %  agarose gel at 75 V, 50 m A  for approximately 2 h.
2.14. Sequencing of vectors with inserts in pUC19, pGFPuv and pluxl9.
pUC19 plus insert were sequenced by an in house technician using an automated abi 
(Applied Biosystems 373A) D N A  Sequencer. The primers used (New England 
Bio labs) were:
5’ AGCGGATAACAATTTCACACAGGA and 
5’ CGCCAGGGTTTTCCCAGTCACGA.
pUV and pGFPuv plus insert was sequenced in house as above using the primers 
(Gibco BRL) : 5’ G C A G C G A G T C A G T G A G C G A G  
and 5’ GAACAGGTAAGTTTTCCAGTAGTG.
pluxl9 plus insert was sequenced in house as above using the primers: 5’- 
CCTGGCCGTTAATAATGAATG and 5’-AGCGGATAACAATTTCACACAGGA.
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Both sets of primers can be used to sequence any insert that has been cloned into the 
5’ multiple cloning site (mcs) of each vector as shown in figure 2.2.
Reverse sequencing primer 
I-------- 1----- ►
5’- vector Insert vector------------  3’
Forward sequencing primer
Figure 2.2. Indicating regions where the sequencing primers bind to on the Pluxl9, pGFPuv or pUC19
vectors.
2.15. Method for DNA extraction from agarose gels (Pharmacia sephaglass band 
‘prep’ kit).
The appropriate band was cut from the agarose gel (250 mg) and placed into a 
microcentrifuge tube. To each tube, 1 pi of gel solubiliser solution per mg of agarose 
was added and tubes agitated in a water bath for 5 min. Care was taken to ensure that 
all agarose had melted and dissolved. 20 to 50 pi of sephaglass suspension was added 
and tubes centrifuged (12000 rpm) for 2 min. Supernatants were removed and 
discarded. To each sephaglass pellet, 1.5 ml of wash buffer was added and tubes 
agitated to resuspend the pellet. All tubes were briefly spun for 20 s after which the 
supernatant was discarded and the washing step repeated twice. The washed 
sephaglass pellet was air dried for 5 min and 20 pi of sterile water added. Tubes were 
incubated at room temperature for 5 min with periodic agitation and centrifuged for 1 
min at 13000 rpm. Supernatants were removed and stored. Another 20 pi of sterile 
water was added, tubes incubated, spun and supernatants removed and stored as 
before. Both supernatants were pooled and spun for 1 min at 13000 rpm to remove 
residual sephaglass. Supernatants were removed and 2 to 5 pi were electrophoresed
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on a 1 %  agarose gel at 75 V, 50 m A  for approximately 2 h to check recovery. 
Remaining samples were stored at -20 °C.
2.16. Shake flask experiments.
All E. coli strains were grown in Luria-Bertani medium (LB) at 30 °C. To assay for 
luminescence E. coli K12 cells that contain the pkatGlux plasmid (named ‘strain 
pkatGlux’) were grown in the presence of ampicillin (Sigma) at 100 pg/ml to mid 
exponential phase (OD 600 nm = 0.5 - 0.6) (Pharmacia Biotech Ultrospec 2000 
UV/Visible Spectrophotometer). Cells were diluted 50 times with 25 ml LB (with 
ampicillin) in baffeled flasks and shaken at 30 °C for 90 min at 200 rpm, followed by 
toxic challenge. 50 pi samples were taken from each flask and luminescence 
measured using a Lumac Biocounter (Celcis-Lumac BV) for 10 s as relative light 
units (RLU). Samples were taken every 20 min.
Fluorescence assay was performed as above, except 3 ml samples were measured 
using a Jenway fluorescence spectrophotometer (excitation = 420 nm, bandwidth = 20 
nm, emission =510 nm bandwidth = 20 nm) and calibrated with 1 pi of rGFPuv 
(Clonetech) at 1 pg/ml to give the upper limit of fluorescence quantification to derive 
the measured Relative Fluorescence Units (RFU).
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All enzymes and substrates were purchased from Sigma-Aldrich. Enzymes had the 
following properties (adapted from the Sigma catalogue, Sigma Aldrich, UK):
2 .1 7 .  A d d i t i o n  o f  e n z y m e s  t o  s t r a in  p k a t G l u x .
Enzyme Source organism Substrate, products and turn over (Sigma units)
Cellulase Aspergillus niger One unit will liberate 1.0 pmole of glucose 
from cellulose in one hour at pH 5.0 at 37 °C.
Glucose oxidase Aspergillus niger One unit will oxidise 1.0 pinole of p-D-glucose 
to p-D-glucono lactone and H 2O 2 per min at pH 
5.1 at 35 °C.
Lactate oxidase From Pediococcus 
species
One unit will oxidise 1.0 pmole of L-lactate to 
pyruvate and H 2O 2 per min at pH 6.5 at 37 °C.
Glycerol-3- 
phosphate oxidase
Streptococcus
thermophilus
One unit will oxidise 1.0 pmole L-Glycero 1-3- 
phosphate to dihydroxyacetone phosphate and 
H 20 2 per min at pH 7 at 37 °C.
Xanthine oxidase From Buttermilk One unit will oxidise 1.0 pmole of xanthine to 
uric acid phosphate and H 2O 2 per min at pH 7.5 
at 25 °C.
a-amylase Porcine Pancreas One unit will liberate 1.0 mg of maltase from 
starch in 3 min at pH 6.9 at 20 °C.
a-amlyoglucosidase Aspergillus niger One unit will liberate 1.0 mg of glucose from 
starch in 3 min at pH 4.5 at 55 °C.
(3-galactosidase Bovine Liver One unit will hydrolyse 1.0 pmole of 0 - 
nitrophenyl p-D-galactosidase to O-nitrophenol 
and D-galactose per min at pH 7.3 at 37 °C.
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All E. coli strains were grown in Luria-Bertani medium (LB) at 30 °C. To assay for 
luminescence the strain pkatGlux was grown in the presence of ampicillin at 100 
pg/ml to mid exponential phase (OD 600 nm = 0.5 - 0.6). Cells were then diluted 50 
times with 25 ml LB (with ampicillin) in baffled flasks and shaken at 30 °C for 90 
min at 200 rpm, followed by the addition of enzyme and substrates to achieve the 
desired concentrations. 50 pi samples were taken from each flask and luminescence 
measured using a Lumac Biocounter for 10 s as relative light units (RLU). Where the 
substrate was added as a liquid, for example milk, the volumes added were equalised 
with the addition of sterile distilled water. Soluble starch solutions were prepared by 
gently warming the desired concentration of starch with water.
To test for glucose in lake water, the strain pkatGlux was grown in the presence of 
ampicillin at 100 pg/ml to mid exponential phase (OD 600 nm = 0.5 - 0.6). LB was 
prepared by obtaining a fresh sample of lake water (University of Surrey campus lake 
water) and adding glucose to achieve a final concentration of 4 mM. This solution 
was then diluted with an equal volume of two times LB broth to produce growth 
media with 2 m M  glucose concentration. Cells were diluted 50 times with 25 ml of 
this media (with ampicillin) in baffled flasks and shaken at 30 °C for 90 min at 200 
rpm, followed by the addition of enzyme and substrates to achieve the desired 
concentrations. 50 pi samples were taken from each flask and luminescence measured 
using a Lumac Biocounter for 10 s as relative light units (RLU).
To test for lactose in lake water, the strain pkatGlux was grown in LB media in the 
presence of ampicillin at 100 pg/ml to mid exponential phase (OD 600 nm = 0.5 - 
0.6). Two times LB was diluted with an equal volume of lake water and cells were
7 3
diluted 50 times with 25 ml of this media (with ampicillin) in baffled flasks and 
shaken at 30 °C for 90 min at 200 rpm. Enzymes and substrates were added to achieve 
the desired concentrations. The volume of milk added was equalised with the addition 
of sterile distilled water. 50 pi samples were taken from each flask and luminescence 
measured as above.
2.18. Extraction of toxicants from soil followed by biosensing with strain 
pkatGlux.
The E. coli strain pkatGlux was grown in the presence of ampicillin at 100 pg/ml to 
mid exponential phase (OD 600 nm = 0.5 - 0.6). Cells were then diluted 50 times 
with 25 ml LB (with ampicillin) in baffled flasks and shaken at 30 °C for 90 min at 
200 rpm. Cells were then centrifuged for 10 min at 3000 rpm and supernatant 
discarded. An amount of soil was weighed into a 50 ml centrifuge tube and the 
required concentration of hydrogen peroxide added followed by agitation. 25 ml of 
LB media was added and tubes were shaken to mix the suspension. Tubes were then 
centrifuged for 10 min at 3000 rpm. The supernatant (extract) was then used to 
resuspend centrifuged cells and the suspension was placed into shake flasks. 50 pi 
samples were immediately taken from each flask and luminescence measured as 
above.
The required concentration of menadione (0.3 ml of a 25 mg/ml solution in ethanol) 
was added to soil, which was mixed. Menadione was then extracted using 3 times 
with 5 ml ethanol washes. Ethanol was evaporated off overnight and the remaining 
dried solid was redissolved in 0.3 ml ethanol. 0 to 0.1 ml volumes were taken and
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made up to 0.1 ml with the addition of ethanol. The extract was used to treat the strain 
pkatGlux as in 2.16.
2.19. Measurement of the concentration of toxicant that produces a 50 % 
decrease in luminescence (ECS0).
Cultures of strain pSB417 that express the luxCDABE operon of P. luminescens in a 
constitutive fashion and strain pkatGlux were grown in LB medium with ampicillin at 
100 pg/ml to mid log phase (OD at 600 mn of 0.5 to 0.6). 5 ml of cells was then taken 
and toxicant added. The mixture was thoroughly mixed and 50 pi samples were 
immediately taken from each flask and placed into a Lumac cuvette. The cuvette was 
placed into a Lumac Biocounter and the luminescence was measured for 10 sec as 
relative light units (RLU). The luminescence was read within 20 s, at 30 °C, providing 
the definition of EC50 at t=0 min. This was repeated with a range of toxicant 
concentrations. Concentration of toxicant was plotted against luminescence and the 
EC 50 (concentration of toxicant that results in a 50 %  decrease of luminescence 
(Symons et al., 1988)) determined.
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2.20. Glucose test kit (Reflectoquant, Boeringer).
The glucose test kit (Reflectoquant) had a range of 1 to 100 mg/1, thus samples were 
diluted 10 to 20 fold appropriately to ensure that the concentration of glucose was in 
the limits of quantification. For each sample, a test strip was placed in the diluted 
sample for 15 s, which was then vigorously shaken to remove excess liquid. 45 s later 
the strip was placed in to the supplied spectrophotometer and the glucose value read 
off the digital screen. Values were then multiplied according to the original dilution. 
The strips contain glucose oxidase and reacts with glucose to give gluconic acid 
lactone. The resultant hydrogen peroxide reacts with an organic redox indicator in the 
presence of peroxidase to give a blue-green dye, from which the concentration is 
determined.
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C h a p t e r  3
A n  i m p r o v e d  oxidative stress-responsive biosensor: 
c o m p a r i s o n  
b e t w e e n  bioluminescence a n d  fluorescence reporter signals
3.1 Introduction.
Whole-cell biosensors have several advantages over other types of biosensor. The 
range of reporter genes now available (luminescence and fluorescence) makes signal 
detection easier in response to an inducing agent (Belkin et al., 1996, Crameri et al., 
1996 and Winson et al., 1998). Cells, once suitably engineered are cheap, reliable and 
easy to grow, particularly where Escherichia coli is used as the host. Such cells report 
both the quantity and the bioavailability of inducing agent present (Belkin et al., 1996, 
Van Dyk et al., 1994, Van Dyk et al., 1995 (a and b) and Davidov et al., 2000).
In vivo biosensors both maintain the reporting system and protect it from harmful 
agents in the surrounding environment. Thus, sensing proteins will remain functional 
for a longer period of time in a deleterious environment and are accumulated 
intracellularly if suitable conditions prevail. In comparison with in vitro approaches, 
whole cells can be exposed directly to the sample (Mulchandani et al., 1998) and 
require no complex membrane systems (Reddy et al., 1997) to protect the sensing 
element from the target chemicals (or other damaging agents) in the sample of interest 
and so lend themselves to easier and less expensive operation.
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Initially, work in this area has concentrated on using lux genes from the marine 
bacterium Vibrio fisheri (Belkin et al., Van Dyk et al., 1994 Van Dyk et al., 1995 (a 
and b) and Davidov et a l, 2000). Cloning and manipulation of the lux cassette further 
facilitated its application as a reporter, often used to detect toxic insults reflected in 
decreasing luminescence (Sousa et al., 1998). Where suitable, tightly regulated, 
promoter sequences are known, these can be utilised to construct a reporter system that 
is inducible in the presence of a selected subset of toxicants, such as those described 
here associated with oxidative stress. Judicious selection of appropriately responsive 
regions of D N A  build-in specificity to such recombinant reporter system and can 
provides a means of discriminating the molecular nature of the damage caused by the 
presence of the toxicant (Belkin et al., Van Dyk et al., 1994 Van Dyk et a l, 1995 (a 
and b) and Davidov et al., 2000).
When fused to stress promoters from E. coli, the lux genes from V  fisheri are 
optimally expressed at 26 °C (Belkin et al., Van Dyk et al., 1994 Van Dyk et a l, 1995 
(a and b) and Davidov et al., 2000) and thus the experimental temperature has to be 
maintained below that for the optimal temperature required for growth of E. coli, 
which may impact on gene expression, slowing accumulation of lux proteins and hence 
observed signal.
Recently there has been much interest in Green Fluorescent Protein (Cubitt et al.,
1995) and its variants, for example GFPuv, a form demonstrating enhanced 
fluorescence and optimised for prokaiyotic expression (Crameri et al., 1996). Also the 
luxCDABE operon encoding the luciferase of the bacterium Photorhabdus 
luminescens, has recently been cloned and characterised (Winson et al., 1998). The
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mature purified GFP protein is highly stable, remaining fluorescent at temperatures up 
to 65 °C (Cubitt et al., 1995), while the lux C D A B E operon of the bacterium P. 
luminescens is stable at 45 °C (Meighen, 1991). Both reporter genes show improved 
brightness and are stable at the temperature required for optimum growth of E. coli. Do 
they have better qualities than the existing reporter gene systems, notably those from V. 
fisheri, that have been used in previous biosensor technologies (Belkin et al., Van Dyk 
et al., 1994, Van Dyk et al., 1995 (a and b) and Davidov et al., 2000)?
To enable a comparison with the commonly used V. fscheri lux reporter, and to 
provide a promoter-reporter construct for further experiments described in later 
chapters, the GFPuv gene and P. luminescens luxCDABE genes were fused to the katG 
promoter. This promoter has previously been fused with the V. fscheri luxCDABE  
cassette and is useful for a comparison (Belkin et al., 1996). The katG gene product is 
catalase and its role in the biochemistry of the oxidative stress response has been well 
defined (Chapter 1 and Schellhorn 1994). Promoter induction is tightly regulated by 
the oxidative stress sensing protein, OxyR (Toledano et al., 1994). Thus when the katG 
promoter region is fused to a reporter gene the resulting biosensor is able to sense 
oxidative stress (Belkin et al., 1996).
3.2 Methods
Methods describing the construction of the plasmids: pkatGlux, pkatGuv and pUV can 
be found in chapter 2, section 2.4 to 2.5. Experimental methods, describing those used 
to measure luminescence and fluorescence can also be found in chapter 2, from section 
2.16 to 2.20. All measurements were duplicated.
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The luxCDABE operon of pSB417 (Winson et al., 1998) was excised and ligated into 
EcoR I - digested pUC19 to give the vector, pluxl9. To ensure that the operon was 
inserted in the correct orientation with respect to unique restriction sites required for 
insertion of promoter fragments, the sequence around the start codon of the luxC gene 
was determined. Sequence data (figure 3.1) indicates that the lux operon was 
successfully ligated into the EcoR I site of the cloning vector pUC19, in the correct 
orientation. According to GenBank (http://www.ncbi.nlm.nih.gov/web/search) 
sequence data, the lux operon does not have a Xma I restriction site. Thus the unique 
Xma I  region in pUC19 was utilised to ligate the IcatG promoter fragment upstream of 
the lux operon.
The plasmids pkatGlux and pkatGuv were sequenced using sequence primers designed 
to show the orientation of the insert with respect to the reporter gene and to sequence 
the whole of the promoter region. Sequencing showed correct orientation of the katG 
gene fragment in both pluxl9 (yielding pkatGlux) and pGFPuv (yielding pkatGuv) 
with respect to the reporter genes (figures 3.2 and 3.3). No base mismatches were 
observed. Nine stop sequences in all three reading frames preceded the promoter- 
reporter fusions.
3 . 3  R e s u l t s
3 .3 .1  C o n s t r u c t  v e r i f i c a t i o n .
8 0
Figure 3.1. Sequence of the initial nucleotides of the lux operon and upstream region in 
pluxl 9 and vector diagram. Sequence data are as read from the raw data using the 
sequence primers described in chapter 2, section 2.14 and are colour coded as 
following: The pUC19 vector from this sequence data is shown in grey, modifications 
to the lux operon made by Winson et al., 1998 are shown in red and the remaining lux 
data, green. GenBank data (pUC19 and LuxCDABE) are shown in black and any 
sequence that does not agree is in bold. The published sequence for the modifcations 
made by Winson et a l 1998 are shown in magenta. Coding sequence reads 5’ to 3’, 
left to right.
Eco Rl
5’ CTC TAG A G G  ATC CCC G G G  TAC CGA GCT CGA ATT CA G  GCT TGG
Xma I  EcoR I
5’ CTC TAG A G G  ATC CCC G G G  TAC C GA GCT CGA ATT CAG GCT TGG
A GG ATA CGT ATG ACT A AA A AA ATT TCA TTC ATT ATT AAC GGC 
—» LuxC start
AGG ATA CGT ATG ACT AAA AAA ATT TCA TTC ATT ATT AAC GGC
CAG GTT GAA 
CAG GTT GAA
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Figure 3.2. Sequence of the katG promoter, fused in the correct orientation to the luxCDABE 
operon in plux!9, yielding pkatGlux. Sequence data are as read from the raw data and are 
colour coded as following: blue is data from the clockwise primer, red is data from the 
anticlockwise primer, thus giving the sequence for the PCR product and first 12 codons of the 
luxCDABE operon, shown in green. The published sequence analysis (Tartaglia et al., 1989) 
and GenBank data is shown in black and any sequence that does not agree is in bold. Regions 
underlined in blue indicate the cuyF-binding site, -35 and -10 regions of the promoter 
respectively. Stop codons are underlined. No mismatching bases were observed. The promoter 
is in frame with the start codon of the lux operon. Coding sequence reads 5’ to 3’, left to right.
Eco Rl
5'ATGAGGGCGGGAAAATAAGGTTATCAGCCTTGTTTTCTCCCTCATTACTTGAAGGATAT
5’ATGAGGGCGGGAAAATAAGGTTATCAGCCTTGTTTTCTCCCTCATTACTTGAAGGATAT
g a a g c ja a a a c c c t t t t t t a t a a a g c a t t t g t c c g a a t t c g g a c a t a a t c a a a a a a g c t t a
GAAGCTAAAACCCTTTTTTATAAAGCATTTGTCCGAATTCGGACATAATCAAAAAAGCTTA
AGATCAATTTGATCTACATCTCTTTAACCAACAATATGTAAGATCTCAACTATCGCATCCGT
OxyR binding site
AG ATC AATTTGATCT AC ATCTCTTTAACC AAC AAT ATGT A AG ATCTC AACT ATCGC ATCCG
GGATT AATTC AATTATAACTTCTCTCT AACGCTGTGT ATCGT AACGGT AAC ACTGT AG AG 
-35 -10
TGGATT AATTC AATTATAACTTCTCTCTAACGCTGTGT ATCGT AACGGT AACACTGTAGAG
GGGAGCACATTG ATG AGC GCC TGC AGC ACG TCA GAC GAT ATC CAT AAC ACC ACA 
—>katG start
GGGAGCACATTG ATG AGC GCC TGC AGC ACG TCA GAC GAT ATC CAT AAC ACC ACA
GCC ACT GGC AAA TGC CCG TTC CAT CAG GGC GGT CAC GAC CAG AGT GCG GGG GCG 
GCC ACT GGC AAA TGC CCG TTC CAT CAG GGC GGT CAC GAC CAG AGT GCG GGG GCG
GGC ACA ACC ACT CGC GAC TGG TGG CCA AAT CAA CTT CGT GTT GTC CTG TTA AAC 
GGC ACA ACC ACT CGC GAC TGG TGG CCA AAT CAA CTT CGT GTT GTC CTG TTA AAC
CAA CAT TCT AAT CGT TCT AAC CCA CTG GGT GAG GAT TTG ACT ACC GCA AAG AAA 
CAA CAT TCT AAT CGT TCT AAC CCA CTG GGT GAG GAT TTG ACT ACC GCA AAG AAA
TTA GAT TAC TAC GGC CTG T TT TTT GAT C TG AAC CCC GGG TAC CGA GCT CGA ATT
Xma I EcoR I
TTA GAT TAC TAC GGC CTG T TT TTT GAT C TG AAC CCC GGG TAC CGA GCT CGA ATT
CAG GCT TGG AGG ATA CGT ATG ACT AAA AAA ATT TCA TTC ATT ATT AAC GGC CAG
—> LuxC start 
CAG GCT TGG AGG ATA CGT ATG
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Figure 3.3a. Sequence of the k a t G  promoter, fused in the correct orientation to the GFPuv gene, yielding 
pkatGuv and vector diagram. Sequence data are as read from the raw data and are colour coded as 
following: blue is data from the clockwise primer, red is data from the anticlockwise primer, thus giving 
the sequence for the PCR product and first amino acid sequences of GFPuv. The pGFPuv vector is 
shown in green. The published sequence analysis (T artag lia  et a l., 1989) and GenBank data is shown 
in black and any sequence that does not agree is in bold. The PCR primer sequences are shown in 
magenta with s p h  I  (5’GCATGC) and p s t  I  (5’CTGCAG) restriction endonuclease sites Regions 
underlined in red indicate the oxyR-binding site, -35 and -10 regions of the promoter respectively. 
Dashes indicate extra bases incorporated into PCR primers on design to ensure that the k a tG  start codon 
is in frame with GFPuv start codon. Stop codons are underlined. No mismatching bases were observed 
and the promoter is in frame with the start codon of the GFPuv gene. Coding sequence reads 5’ to 3 ’ , left 
to right.
gene
pUC origin of replication
Ampicillin
resistance
Pst I
katG promoter 
Sph I
5’ACAGCTATGACCATGATTACGCCAAGCTTGCATG CTGCCTCGAAATGAGGGCGGGAAAA
sph I
CTGCCTCGAAATGAGGGCGGGAAAA
TAAGGTTATCAGCCTTGTTTTCTCCCTCATTACTTGAAGGATATGAAGCTAAAACCCTTTTTT 
T AAGGTT ATC AGCCTTGTTTTCTCCCTC ATT ACTTG AAGG AT ATG AAGCT A A A ACCCTTTTTT
ATAAAGCATTTGTCCGAATTCGGACATAATCAAAAAAGCTTAAGATCAATTTGATCTACAT
H i n d  III
AT AAAGC ATTTGTCCG A ATTCGG AC AT A ATC AAAAA AGCTT A AG ATC AATTTG ATCT AC AT
CTCTTTAACC AAC AAT ATGT AAG ATCTCAACTATCGC ATCCGTGGATT AATTC AATTATAA
OxyR binding site - 35
CTCTTTAACCAACAATATGTAAGATCTCAACTATCGCATCCGTGGATTAATTC AATTATAA
CTTCTCTCTA ACGCTGTGTATCGTAACGGTAACACTGTAG AGGGG AGC AC ATTG ATG AGC
Met Ser
CTTCTCTCTA ACGCTGTGT ATCGT AACGGT AACACTGT AG AGGGG AGC AC ATTG ATG - - C
—>katG start
GCC TGC AGG TCG ACT CTA GAG GAT CCC CGG GTA CCG GTA GAA AAA ATG
pst I —> GFPuv start (Met)
GCC TGC AG
Ala Cys Ser Ser Thr Leu Glu Asp Pro Arg Val Pro Val Glu Lys
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Figure 3.3b. Sequence of pUV downstream from the start of GFPuv transcription 
indicating removal of the plac promoter and vector diagram. Sequence data are as read 
from the raw data and are colour coded as following: red is data from the anticlockwise 
sequence primer, the published sequence (Clontech) is shown in black and the plac 
promoter as black underlined. Removed D N A  is as indicated by red dots. Double 
underlined red indicates a Hind III site. The pGFPuv vector is shown in green
A m picillin
resistance
-GFPuv gene
pUC orig in  o f  replication
5 A G C G C C C A A T A C G C A .........................................
5 ’AGCGCCCAATACGCAA ACCGCCTCTCCCCGCGCGTTGGCCGATTCATT
AAT GC AGCT GGC ACG AC AGGTTT CCCG ACT G G  A A A G C G G G C  AGT GAGCGC
A ACGC AATT AAT GT G AGTT AGCTC ACTC ATT AGGC ACCCC AGGCTTT AC AC
plac
TTT AT GCTT CCGGCT CGT AT GTT GT GT G G  AATT GT G A G C G G  AT AAC AATTTC
........................................... AGC1TGCATGCCTGCA
AC AC A G G  AAAC AGCT ATG ACCATGATTACGCC A AGCTT GC AT GCCT GC A
GGTCGACTCTAGAGGATCCCCGGGTACCGGTAGAAAAA ATG 
GGTCGACTCTAGAGGATCCCCGGGTACCGGTAGAAAAA ATG
—> GFPuv start (Met)
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The responsiveness of pkatGlux in E. coli K12 (strain pkatGlux) to different hydrogen 
peroxide concentrations is shown in figure 3.4. The response ratio was calculated by 
dividing the luminescence at each time point by that at time zero for each 
concentration of toxicant. An increase in luminescence was observed at 20 min, which 
continued to increase, at a slower rate during the duration of the experiment. The 
response was dose dependent up to 1.7 m M  hydrogen peroxide.
3 . 3 . 2  Lux r e p o r t e r  s y s te m
ratio plotted against time (min). Data plotted as mean +/- standard deviation.
Replicates, n=2.
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A  similar result could not be achieved however with the pkatGuv plasmid in E. coli 
K12 (strain pkatGuv) using LB as the medium. Due to background fluorescence from 
media components, only limited measurements could be undertaken so a relative 
indication of GFPuv expression was achieved using a fluorescent microscope. 
Furthermore, only samples that had a particularly high concentration of hydrogen 
peroxide (1.76 to 5.29 mM) showed an increase in fluorescence over time (table 3.1).
3 . 3 . 3  G F P u v  r e p o r t e r  s y s te m
Hydrogen peroxide 
concentration (mM)
0 0.44 0.88 1.76 3.52 5.29
Fluorescent indication - - - + ++ +++
Table 3.1. Observed qua itative indication oj? GFPuv expression Jom strain pkatGuv
using a fluorescent microscope with a range of hydrogen peroxide concentrations. A  
dash indicates no fluorescence, plus’s indicate relative fluorescent intensity. Number of
replicates n=2.
To eliminate effects from fluorescent media components pkatGuv fluorescent 
measurement was carried out in M9 minimal media and the response is shown in figure 
3.5a. The optical density versus time is shown in figure 3.5b. Although an increase in 
fluorescence was observed over time, concurrent changes in the optical density (OD 
600 nm) of the cell suspension indicated that the biomass was decreasing in cultures 
with the inducing agent present.
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to hydrogen peroxide in M9 minimal media against time (min). Data plotted as mean 
+/- standard deviation. Replicates, n=2.
Figure 3.5b. O D  (Optical Density at 600 nm) measurement against time (min) during 
incubation of strain pkatGuv with hydrogen peroxide in M9 minimal media. Data 
plotted as mean +/- standard deviation. Replicates, n=2.
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Only cells unexposed to hydrogen peroxide demonstrated both a stable O D 600 and 
fluorescence reading that increased with time. Only when biomass and signal output is 
corrected for does a dose dependent response become apparent (figure 3.5c). The 
response is clear when the response ratio is plotted against time (figure 3.5d). From 
this plot, using the data points at 240 min, the best calibration line can be drawn (figure 
3.5e).
Figure 3.5c. Fluorescent response (Relative Fluorescent Units, RFU) of strain pkatGuv 
to hydrogen peroxide in M9 minimal media corrected by the O D  (Optical Density at 
600 nm), plotted against time (min). Data plotted as mean +/- standard deviation.
Replicates, n=2.
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Figure 3.5d. Response ratio of strain pkatGuv (Response ratio) to hydrogen peroxide in 
M9 minimal media plotted against time (min). Data plotted as mean +/- standard
deviation. Replicates, n=2.
Figure 3.5e. Response ratio at 240 min, from figure 5, plotted against concentration 
(mM) of hydrogen peroxide. Data plotted as mean +/- standard deviation. Replicates,
n = 2 .
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In M9 minimal media the O D  decreased during the time course in those samples that 
were treated with hydrogen peroxide. The biochemistry of the oxidative stress response 
suggests, that in stationary phase, stationary phase sigma factor RpoS is involved in the 
regulation of katG and expresses catalase in a constitutive fashion (Schellhorn et al., 
1994). The OxyR regulatory protein may be involved in regulation during the 
stationary phase (Schellhorn et al., 1994) and may account for the dose dependent 
response from E. coli (pkatGuv) observed in figure 3.5c. However during the time 
course a decrease in biomass is observed (figure 3.5b) thus cells may not be viable.
The strain pkatGlux was exposed to hydrogen peroxide in M9 media. A  response was 
also observed in a comparable concentration range (1.76 to 3.52 mM), though this was 
not as great as when LB was used (data not shown).
Strain pkatGlux shows strong induction when grown in LB medium. However LB 
broth contains endogenous components that fluoresce. Hence to use the plasmid 
pkatGuv in E. coli K12 required development of a medium suitable for both cell 
growth and fluorescence measurement. Of the constituents of LB, tryptone showed 
minimal background fluorescence and was used to supplement M9 media (3 g/1). The 
fluorescence signal from E. coli (with the plasmid pkatGuv) grown in this medium was 
measured over time with increasing concentrations of hydrogen peroxide. The OD  
(600 nm) showed that biomass was increasing exponentially (figure 3.6a) indicating 
viable cells. It was noticed that as the O D  increased (figure 3.6a) so did the 
fluorescence, both in samples without hydrogen peroxide and those with. When the 
fluorescence is corrected by the OD, with no hydrogen peroxide present, and plotted
3 . 3 . 4  M e d i a  d e v e lo p m e n t
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against time a similar plot results with both the strains pkatGuv and pUV, the 
promoterless GFPuv control, indicating no expression of GFPuv from the katG 
promoter. When the plot is repeated with the strains pkatGuv and pUV with hydrogen 
peroxide above 3.52 mM, the RFU/OD value becomes significantly higher in strain 
pkatguv compared with the promoterless GFPuv gene in strain pUV (figure 3.6b). The 
percentage increase of pkatGuv compared to pUV over 260 min is shown in table 3.2.
Figure 3.6a. OD  measurement against time (min) during incubation of strain pkatGuv 
with hydrogen peroxide in M9 and tryptone (3 g/1) media. Data plotted as mean + /-
standard deviation. Replicates, n=2.
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Figure 3.6b. OD/RFU verses time (min) of strains pkatGuv and pUV using M9 and 
tryptone (3 g/1) with a Hydrogen Peroxide concentration range. Data plotted as mean 
+/- standard deviation. Replicates, n=2.
%  Increase of RFU/OD over 260 min
m M  H 2O 2 pkatGuv pUV
0 41 18
3.52 100 32
5.29 133 48
Table 3.2. Percentage increase of RFU/OD of strains pkatGuv and pUV over 260 min
at three H 2O 2 concentrations.
Figure 3.4 demonstrates that strain pkatGlux (0.22 - 1.76 m M  H 2O 2) has a greater 
apparent sensitivity than strain pkatGuv (1.76 - 5.29 m M  H 20 2, figure 3.5d) whereas 
the latter is sensitive over a wider concentration range. Thus further experiments were 
carried out to study the response of pkatGlux to other agents. Figure 3.4 shows the 
response of strain pkatGlux to a concentration range of hydrogen peroxide. To ensure 
cell growth was proceeding throughout the time course the O D  was measured with and 
without hydrogen peroxide (figure 3.7). The inducing agent was added at 20 min and
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the concurrent luminescence readings are shown in figure 3.8. Although the OD 
increased linearly during the time course, the luminescent response increased in a 
sigmoid plot 20 min after the addition of hydrogen peroxide and peaks at 80 min when 
the rate of increase declines but the signal appears constant.
Figure 3.7. O D  (Optical Density at 600 nm) verses time (min) of strain pkatGlux with 
and without hydrogen peroxide. The inducing agent was added at 20 min. Data plotted 
as mean +/- standard deviation. Replicates, n=2.
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Figure 3.8. Luminescence (RLU) versus time (min) of strain pkatGlux with and 
without hydrogen peroxide. The inducing agent was added at 20 min. Data plotted as 
mean +/- standard deviation. Replicates, n=2.
3.3.5 Response of pkatGlux to redox cycling agents
Various pollutants produce free radicals via redox cycling and thus the response of 
such agents was investigated by using strain pkatGlux. Menadione (dissolved in 
ethanol) was added to strain pkatGlux at concentrations between 0 and 100 pg/ml at 
time zero. The response (figure 3.9a) shows dose dependency and an increasing signal 
at all concentrations during the time course of the experiment. With menadione a linear 
calibration curve could be plotted from 20 min (figure 3.9b).
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menadione (pg/ml)
- 0
5
- 10
- e — 25
—3K— 50
Time (min)
Figure 3.9a. Response ratio of strain pkatGlux to a concentration range (pg/ml) of 
menadione. Data plotted as mean +/- standard deviation. Replicates, n=2.
Although a background level of luminescence is evident in the system, this can be put 
to good use in providing an EC 50, measured at time zero immediately after the addition 
of toxicant (figure 3.9c). The EC50 value is close to the concentration of menadione 
that produces the peak luminescence (25 pg/ml).
9 5
pg/ml menadione
Figure 3.9b. Response ratio of strain pkatGlux at 20 min plotted against concentration 
of menadione (pg/ml). Data plotted as mean +/- standard deviation. Replicates, n=2.
pg/ml
Figure 3.9c. Response (RLU) of strain pkatGlux to a concentration range of menadione 
(p,g/ml) at t=0 and t=20 min. Data plotted as mean + /- standard deviation. Replicates,
n = 2 .
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T h e  re s p o n s iv e n e s s  o f  s tr a in  p k a t G lu x  to  a n o th e r  r e d o x  c y c lin g  a g e n t ,  p a r a q u a t  is
shown in figure 3.10. The maximal response was achieved at up to 1 mg/ml at 60 min
where an unambiguous dose dependant response can be observed. The response was
less than with menadione and so higher concentrations of reagent were required.
1.80
Paraquat
1.60
O
1.40cdVh
<D 
72 1.20
oa.C/5<L> 1.00 
&
0.80
0.60
0 I
m g / m l  paraquat
Figure 3.10. Peak response ratio of strain pkatGlux to 1 mg/ml paraquat at 60 min
compared to untreated cells. Data plotted as mean +/- standard deviation. Replicates,
n=2.
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Strain pkatGlux was treated with three organic peroxides, cumene hydrogen peroxide, 
tert-butyl hydrogen peroxide and peroxybenzoate (figure 3.11a and 3.11b). Cumene 
elicited the best response, peaking at 60 min whereas the remaining two produced a 
delayed response at 140 min, when the response achieved was higher than that of the 
background luminescence.
3 . 3 . 6  O r g a n i c  p e r o x id e s
3.5
2.5
C3*-• 2 <D
C/3
Coa. 15
C/3<D
04
0.5
Cumene hydrogen peroxide
No treatment
mg/l
Figure 3.1 la. Data plotted as mean +/- standard deviation. Replicates, n=2. Figure is
described below.
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i
l
0.5
0
Tert-butyl hydrogen 
peroxide
i gn 5 mg/1
Figure 3.1 lb.
Figures 3.11a and 3.11b. Peak response of strain pkatGlux to three organic peroxides, 
cumene hydrogen peroxide (50 mg/1) (figure 3.11a), at 65 min, tert-butyl hydrogen 
peroxide (5 mg/1) and tert-butylperbenzoate (1 g/1) (figure 3.1 lb), at 167 min compared 
to pkatGlux that had no treatment at each time point. Data plotted as mean +/- standard 
deviation. Replicates, n=2.
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Previous experiments have indicated that strain pkatGlux has a background level of 
luminescence. Experiments were carried out (figures 3.12a to 3.12i) to investigate if 
this luminescence could provide an EC50 value immediately after the addition of 
toxicant (method 2.18, chapter 2).
Compounds may induce luminescence in the pkatGlux strain and change the EC5o 
value. To investigate this, toxicants were also applied to a construct that constitutively 
express’s the luxCDABE operon, pSB417 in E. coli K12 (strain pSB417). EC50 values 
of strains pkatGlux and pSB417 are illustrated in table 3.3.
3 . 3 . 7  E C s o  m e a s u r e m e n t s  u s in g  s t r a in s  p k a t G l u x  a n d  p S B 4 1 7 .
Figure 3.12a. Response (RLU) of strain pSB417 to a concentration range of 
hydrogen peroxide (mM). EC 50 determined to be 0.45 mM.
1 0 0
Figure 3.12b. Response (RLU) of strain pkatGlux to a concentration range of hydrogen 
peroxide (mM) at t=0 and t=20 min. EC50 determined to be 0.5 mM.
ug/ml menadione
Figure 3.12c. Response (RLU) of strain pSB417 to a concentration range of menadione 
(pg/ml). EC50 determined to be 30 pg/ml.
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mg/L cumene
Figure 3.12d. Response (RLU) of strain pSB417 to a concentration range of cumene 
hydrogen peroxide (mg/1). EC50 determined to be 80 mg/1.
Cumene hydrogen peroxide (mg/1)
Figure 3.12e. Response (RLU) of strain pkatGlux to a concentration range of cumene 
hydrogen peroxide (mg/1). EC50 determined to be 82 mg/1.
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Figure 3.12f. Response (RLU) of strain pSB417 to a concentration range of cadmium 
chloride (mg/ml). EC50 determined to be 0.6 mg/ml.
Cadmium chloride (mg/ml)
Figure 3.12g. Response (RLU) of strain pkatGlux to a concentration range of cadmium 
chloride (mg/ml) at t=0 (upper line) and t=20 min (bottom line). EC5o determined to be
0 .6  m g /m l .
1 0 3
Mercury chloride (mg/ml)
Figure 3.12h. Response (RLU) of strain pSB417 to a concentration range of mercury 
chloride (mg/ml). EC50 determined to be 0.032 mg/ml.
Figure 3.12i. Response (RLU) of strain pkatGlux to a concentration range of mercury 
chloride (mg/ml) at t=0 (upper line) and t=20 min (bottom line). EC50 determined to be
0 . 0 3 7  m g /m l .
1 0 4
Table 3.3 indicates the EC50 horn each toxicant for both constructs.
Toxicant EC50 using strain pSB417 EC50 using strain pkatGlux
Hydrogen peroxide 0.45 mM 0.5 mM
Menadione 30 pg/ml 22 pg/ml
Cumene hydrogen 
peroxide
75 mg/1 82 mg/1
Cadmium chloride 0.6 mg/ml 0.6 mg/ml
Mercury chloride 0.034 mg/ml 0.037 mg/ml
Table 3.3. EC50 as indicated by strains pkatGlux and pSB417 using five toxicants.
Results, figures 3.12a to 3.12e indicate that with increasing hydrogen peroxide, 
menadione and cumene hydrogen peroxide concentrations the luminescence decreases 
using both pkatGlux (E. coli) and pSB417 (E. coli). Similar EC50 data results from both 
constructs indicating that the background luminescence from pkatGlux (E. coli)  can be 
put to good use in determining EC50 values. With pkatGlux (E. coli), the luminescence 
at 20 min is also shown, indicating that the compounds tested produce oxidative stress. 
Thus the EC50 can be measured followed by a molecular indication o f  the toxicity 
present. It was expected that both cadmium chloride and mercury chloride (figures 
3.12e to 3.12i) would induce luminescence from the pkatGlux (E. coli) system (Belkin 
et al., 1996) and thus were included in these tests. Interestingly only an EC50 was 
obtained from the pkatGlux and pSB417 strains. No induction o f  luminescence was 
observed when cadmium chloride and mercury chloride were applied to the pkatGlux 
strain.
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Three whole cell biosensors have been described, containing three reporter gene 
systems: GFP o f Aequorea victoria, luxCDABE  from P. luminescens and luxCDABE  o f 
V  fisheri (Belkin et al., 1996). A ll three systems have been shown to be responsive to 
a range o f concentrations o f  hydrogen peroxide. The lux system described here and that 
published (Belkin et al., 1996) appear to be sensitive, being able to detect at levels o f  
0.2 mM, and lower (Belkin et al., 1996). Above 1.7 mM, the non-specific impact o f 
hydrogen peroxide on the biosensor cells reduces the luminescence rather than 
inducing it (figure 3.4). Although strain plcatGuv does not appear to have the same 
level o f  sensitivity as strain pkatGlux at lower concentrations, at the elevated 
concentrations where responsiveness o f  lux diminishes, the strain, pkatGuv is 
responsive, up to 5.2 mM.
The more rapid responsiveness o f the lux system is due to enzyme based signal 
amplification; the expression o f  one set o f  lux genes can result in the turnover o f many 
molecules and production o f  many photons o f  light. In P. luminescens with menadione, 
for example, a dose-dependent result can be observed within 20 min (figure 3.9b), and 
an early indication o f dose dependency can be observed with hydrogen peroxide, figure
3.4. This is faster than systems based on the V. fisheri lux operon, where an indication 
o f a concentration dependent response occurs at 30 min, and much faster than strain 
pkatGuv where one may have to wait for 120 min (figure 3.6). With the GFP-based 
system there is a time lag in the accumulation o f the folded, mature protein required for 
measurement (Cubitt et al., 1995). In addition the signal resulting from GFPuv 
expression has no means o f  amplification, thus a slower and less sensitive system 
results. The response from the lux operon o f P. luminescens may be faster due to the
3.4 D iscussion
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higher operating temperature used and the lux proteins are active as soon as they have 
folded (compared to GFP, where the chomophore requires a dehydrogenation step 
before it can fluoresce).
Both the strains pkatGlux and pkatGuv demonstrate enhanced signal stability over 
systems that use lux genes derived from V  fisheri. With the V  fisheri system, the 
signal for hydrogen peroxide peaks at around 45 min and declines immediately. With 
GFPuv and the lux P. luminescens based systems, experiments indicate that the signal 
continues to accumulate throughout the experiment. Thus, i f  a sample time is missed or 
a reading delayed the luminescence can still be measured and an estimate o f  toxicant 
concentration made.
The lux operon from P. luminescens, when fused to the IcatG (this chapter) and recA 
promoters (Davidov et al., 2000) had a higher level o f  background compared with the 
V  fisheri counterparts (Belkin et al., 1996 and Davidov et al., 2000). This could be a 
reflection o f  the stability o f  the P. luminescens lux encoded enzymes or low basal level 
expression o f  the operon from the katG promoter. This low level o f  background can, 
however, be put to good use, as an EC5o value can be obtained at t=0 min with other 
measurements o f  inducing toxicants at later time points (figures 3.12a to 3.12j). On 
comparison o f  EC50 data from the strains pkatGlux to pSB417, out o f five toxicants 
tested hydrogen peroxide, cumeme hydrogen peroxide and mercury chloride gave a 
higher EC50 with strain pkatGlux than with strain pSB417.
Even i f  elevated expression does occur within the short time o f  adding the toxicant and 
measuring the reduction in luminescence, the user can still be alerted i f  the perennial
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problem o f excess sample toxicity becomes apparent so appropriate dilutions can be 
made. Such an approach o f  obtaining EC50 data in parallel with measurement o f  
specific toxicant levels would also lend it self to automated analyses and avoid the 
possibility o f  false-negative results that might otherwise be likely to occur in the 
absence o f a trained operator.
Overall it is technically easier to measure luminescence than fluorescence. 
Fluorescence was measured indirectly by dividing the observed RFU by the OD to 
standardise for differences in cell density. With luminescence, the response was faster 
and greater and thus the changes in cell density have less impact on signal output.
The biochemistry o f  the katG system suggests that regulation by OxyR occurs during 
the exponential growth phase. Thus the response in M9 media o f  strain pkatGuv to 
hydrogen peroxide may be erroneous, as the cell density is not increasing (figures 3.5a 
-3.5e). When the cells are growing (figure 3.6) the measure o f  RFU per unit o f  OD has 
been shown to increase in a dose dependent manner. Correcting RFUs per unit o f  OD 
has been used previously to express data from GFPuv (Cha et al., 1999). However, the 
RFU/OD also increases in a promoterless pGFPuv control (strain pUV) with increasing 
hydrogen peroxide concentrations, although the increase is significantly less than with 
strain pkatGuv. This could be due to inner filter field effect (IFFE) (L i and Humphrey, 
1992). This occurs when cells scattering the light affect the fluorescence. Thus light 
may be reflected and refracted affecting the fluorescence measured. Other compounds 
in the cells may have fluorophores and again affect the fluorescence. Thus in order to 
distinguish GFPuv fluorescence over and above that from bacterial cells may require 
significant expression only achievable from agents that are intensely oxidising and
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strongly induce the katG gene, as seen here, for high hydrogen peroxide 
concentrations. This may be useful as at these high concentrations luminescent output 
from lux reduces dramatically. Direct measurement o f extracted protein from pkatGuv 
cells is an option, but this would not fulfil the desired qualities o f  a biosensor; most 
notably, easy and rapid signal measurement, in the minimum time with minimal 
technical input. GFPuv may, therefore, only be a good reporter when there are high 
levels o f  inducing agent present or a strong inducible promoter is used.
The lux gene products that catalyse bio luminescence are suited to whole-cell biosensor 
applications due to ease o f  measurement and rapidity o f  signal output. Compared to the 
teG Y G FPu v promoter-reporter fusion, the lux P. luminescens construct results in a 
sensitive system where the signal remains conserved during the time course. With 
concurrent monitoring o f  luminescence at t=0 min for EC50 the possibility exists o f  
preventing false negative results. Using GFPuv also results in a conserved signal but 
lacks sensitivity, thus for further work to see i f  the specificity and range o f compounds 
that microbial biosensors can detect, be increased, the pkatGlux strain will be used.
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Chapter 4
b io s e n s o r  t o  h y d r o g e n  p e r o x id e  g e n e r a t e d  b y  e x t r a c e l lu la r  
e n z y m e s
4.1 Introduction
In order for bacteria to survive sudden changes in their environment they must adapt 
quickly. They have evolved stress response systems to cope with such changes. Such 
stress responses include, for example, the heat shock response which aids adaptation 
to temperature changes (Yura et al., 1993), the response to mutagenic agents (Walker, 
1984 and 1985) which protects cells from U V  or other induced mutagenic damage and 
the oxidative stress response (Stora et al., 1990) that protects the cell from damage by 
free radicals.
In order to sense for toxicity in the environment, promoters from such stress responses 
have been fused to reporter genes in other laboratories. For example, the katG, recA, 
uspA, and dnaK promoters with the luxCDABE  operon from Vibrio fischeri (Belkin et 
al., 1996, Van Dyk et al., 1994 and Van Dyk et al., 1995 (a and b). We have 
previously described an improved version o f  one o f these biosensors comprising a 
fusion o f  the katG promoter (Tartaglia et al, 1989) with the luxCDABE  operon from 
Photorhadbus luminescens (Chapter 3) that produced an improved oxidative stress 
whole cell biosensor (strain pkatGlux) giving a conserved, rapid and stable signal. 
With such a system, compounds that result in oxidative stress, for example, treatment 
with menadione, paraquat and organic peroxides, trigger expression o f the lux operon
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downstream from the catalase gene fragment and result in an increase in luminescence 
from the pkatGlux construct.
Such a system is hence limiting to sensing for compounds that produce oxidative 
stress in an unspecific manner. However, there are many enzymes that when 
incubated with their substrates produce hydrogen peroxide, for example, alcohol 
oxidase, glucose oxidase, glycerol-3-phosphate oxidase, xanthine oxidase and lactate 
oxidase, all o f  which are commercially available. Thus the opportunity arises to put 
these enzymes in parallel with the oxidative stress biosensor to demonstrate the 
principle that a greater number o f compounds, that may not result in direct oxidative 
stress can be sensed for using an oxidative stress whole cell biosensor.
4.2 Methods
Experimental methods, describing those used to measure luminescence and 
fluorescence can be found in chapter 2, from section 2.15. Construction o f  strain 
pkatGlux in E. coli K12 has previously been described in chapters 2 and 3. Data are 
plotted as mean +/- standard deviation. A ll measurements were duplicated.
I l l
When strain pkatGlux was treated with glucose and glucose oxidase (figure 4.1) no 
indication o f  an increase in luminescence was observed with treatment o f strain 
pkatGlux with glucose oxidase alone. Catalase abolished the response when incubated 
with strain pkatGlux, glucose and glucose oxidase, indicating that the increase in 
luminescence response, with treatment o f  glucose and glucose oxidase was due to 
oxidative stress. It was hence investigated i f  strain pkatGlux could be applied as a 
potential glucose biosensor.
4.3 R esu lts
4.3.1 Response of strain pkatGlux to glucose and glucose oxidase.
Figure 4.1. Response o f  strain pkatGlux to Glucose oxidase (0.2 U/ml) and glucose (2 
mM), plotted as response ratio against time (min).
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A  concentration range o f glucose oxidase was incubated with 2 mM glucose. It was 
found that the response o f  strain pkatGlux (figure 4.2) increased with increasing 
enzyme concentration, up to 0.2 U/ml after which the rate o f  increase declines and 
forms a plateau. Above this concentration o f  enzyme (0.2 to 0.35 U/ml) the response 
did not significantly increase. This suggests that either the pkatGlux system was 
responding near to its optimum and indicates that further increasing the enzyme 
concentration would not further enhance the luminescence output. With higher 
concentrations o f  enzyme the substrate could be becoming exhausted and no further 
increase in the enzymatic generated oxidative stress is possible. From 0.2 U/ml no 
further significant increase in response was observed thus this concentration was 
chosen for further experiments.
Figure 4.2. Response o f  strain pkatGlux at 90 min, the end o f the time courses, to a 
concentration range o f glucose oxidase with 2 mM glucose substrate.
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Using 0.2 U/ml o f  glucose oxidase, strain pkatGlux was treated with a concentration 
range o f  glucose (figure 4.3). Results indicate that the response was dose respondent 
from less than 2 to 12 mM glucose. Taking the peak response values at 120 min and 
plotting then against the glucose concentration a calibration line was plotted (figure 
4.4). This shows that the response by strain pkatGlux to increasing concentrations o f 
glucose increases in a linear fashion from 2 mM to 8 mM.
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Figure 4.3. Treatment o f strain pkatGlux with a concentration range o f  glucose (0 to 
12 mM) with glucose oxidase (0.2 U/ml), plotted as response ratio against time (min).
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Figure 4.4. Response ratio o f  strain pkatGlux at 120 min, the end o f  the time course, 
plotted against glucose concentration with 0.2 U/ml glucose oxidase.
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The concentration o f  glucose was determined with a Glucose test kit (methods, 
chapter 2, section 2.19) and was plotted against the response ratio o f  strain pkatGlux 
at 144 min, the end o f  the time course (figure 4.5). A  linear plot resulted up to 8 mM 
glucose.
Figure 4.5. Correlation o f response ratio o f strain pkatGlux to a concentration range o f  
glucose and glucose oxidase (0.2 U/ml) to the glucose concentration used, measured 
by a glucose test kit.
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The pkatGlux system was specific for glucose when glucose oxidase was incubated 
with a range o f different sugars (figure 4.6).
Figure 4.6. Specificity o f Glucose oxidase (0.2 U/ml) to glucose (2 mM) with strain 
pkatGlux, plotted as response ratio against time (min). Other sugars used (each at 2 
mM) were fructose, galactose, sucrose, lactose and maltose.
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4.3.2 Response o f strain pkatGlux to xanthine and xanthine oxidase.
The ability o f  strain pkatGlux to detect enzymatically generated oxidative stress was 
tested by using xanthine and xanthine oxidase. The response (figure 4.7) indicates that 
an increase in luminescence was observed when xanthine oxidase was added to strain 
pkatGlux when xanthine is the substrate. The response increased from 20 min to 120 
min after which a decline was noticed. This could be due to substrate exhaustion. A  
response was also observed when xanthine oxidase was incubated with strain 
pkatGlux with no added substrate. However the peak response was obtained when 
xanthine was added into the reaction. As LB media contains yeast extract then this is a 
source o f  xanthine (Rose, 1982) and consequently a response occurs when xanthine 
oxidase is added to the whole cell biosensor in LB media.
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Figure 4.7. Response o f  strain pkatGlux to Xanthine oxidase (0.2 U/ml) and xanthine 
(2 mM), plotted as response ratio against time (min).
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4.3.3 Response o f strain pkatGlux to glycerol-3-phosphate with glycerol-3- 
phosphate oxidase.
When glycerol-3-phosphate with glycerol-3-phosphate oxidase was incubated with 
strain pkatGlux, again an increase in luminescence was observed when glycerol-3- 
phosphate oxidase was added only (figure 4.8), thus suggesting that gylcerol-3- 
phosphate is already present in the media or the oxidase is unspecific, reacting with 
another compound in the media. Catalase abolished any response.
Figure 4.8. Response o f  strain pkatGlux to Glycerol-3-phosphate (G3P), 2 mM; and 
Glycerol-3-phosphate oxidase (G3PO), 0.2 U/ml; plotted as response ratio against 
time (min). 500 U/ml o f  catalase were used.
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A  similar result was observed when lactate oxidase and lactate was incubated with 
strain pkatGlux (figure 4.9). An increase in luminescence occurred from 20 to 120 
min in a linear fashion, increasing by a multiple o f 5 over the time course. When no 
lactate was added to the reaction mixture an increase in luminescence was also 
observed from 20 to 40 min, increasing by a multiple o f  3. After this time no further 
increase occurred. The addition o f  catalase abolished any response.
4.3.4 Response of strain pkatGlux to lactate oxidase and lactate.
Figure 4.9. Response o f  strain pkatGlux to lactate oxidase (0.2 U/ml) and lactate (0.2 
mM), plotted as response ratio against time (min).
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4.3.5 Response o f strain pkatGlux, with media development, to lactate and 
lactate oxidase.
In section 4.3.4 lactate oxidase was incubated with lactate in LB media with strain 
pkatGlux. A  significant response was observed when lactate oxidase was incubated 
with LB media with no added substrate. To see i f  this response could be reduced, 
yeast extract and then tryptone were removed from LB media and the response o f  
strain pkatGlux to lactate oxidase observed (figure 4.10a). When LB media was made 
with yeast extract and sodium chloride (no tryptone present) there was no significant 
difference between the responses when lactate oxidase was present or not. However 
when LB media was made with tryptone and sodium chloride (no yeast extract 
present) a significant response was observed when lactate oxidase was present, 
compared to no treatment. Thus removing the tryptone from LB media significantly 
reduced the background luminescence observed when lactate oxidase is added with no 
lactate substrate. Figure 4.10c indicates that during the time course the cells are still in 
exponential phase growth and the whole cell sensor pkatGlux responds well to 
oxidative stress (figure 4.10b).
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Figure 4.10a. Response o f  strain pkatGlux to lactate (2 mM) in yeast free LB media 
and tryptone free LB media, with and without lactate oxidase (LO, 0.2 U/ml).
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Figure 4.10b. Luminescence (RLU ) versus time (nun) o f  strain pkatGlux with and 
without hydrogen peroxide in tryptone free LB media. The inducing agent was added 
at 20 min. Data plotted as mean +/- standard deviation. Replicates, n=2.
with and without hydrogen peroxide in tryptone fr ee LB media. The inducing agent 
was added at 20 min. Data plotted as mean +/- standard deviation. Replicates, n=2.
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Using tryptone free media, figure 4.9, the response o f  strain pkatGlux to lactate 
oxidase, was repeated, figure 4.11. No significant indication o f  an increase in 
luminescence was observed with treatment o f  strain pkatGlux with lactate oxidase 
alone, thus suggesting that the media does not contain lactate. The observed response 
was approximately four times greater compared to when LB was used (figure 4.9). 
The presence o f  catalase abolished a response by strain pkatGlux to lactate and lactate 
oxidase. Following these results, it was investigated i f  strain pkatGlux could be 
applied as a potential lactate biosensor.
Figure 4.11. Response o f  strain pkatGlux to lactate oxidase (0.2 U/ml) and lactate (0.2 
mM), plotted as response ratio against time (min).
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A  concentration range o f  lactate oxidase was incubated with 2 mM lactate. It was 
found that the response increased with increasing enzyme concentration (figure 4.12) 
up to 0.2 U/ml after which the rate o f  increase declined (figure 4.13) and forms a 
plateau. This indicates that at enzymes levels above 0.2 U/ml increasing the enzyme 
concentration would not further improve the luminescence output, or that the substrate 
at the end o f  the time course was becoming exhausted and no further increase in the 
enzymatic generated oxidative stress was possible. Although using 0.4 U/ml produces 
the best response, due to economics, 0.2 U/ml was chosen for further experiments.
U/ml lactate oxidase
Figure 4.12. Responses o f  strain pkatGlux to a concentration range o f  lactate oxidase 
(0 to 4 U/ml) and lactate (2 mM), plotted as response ratio against time (min).
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Figure 4.13. Response o f  strain pkatGlux at 100 min, the end o f  the time courses, to a 
concentration range o f lactate oxidase with lactate substrate (2 mM).
Using 0.2 U/ml o f  lactate oxidase, strain pkatGlux was treated with a concentration 
range o f  lactate (figure 4.14). Figure 4.14 indicates that an increase in luminescence 
from strain pkatGlux is observed up to 4 mM lactic acid at 40 and 70 min. Above 6 
mM lactic acid the luminescence does not significantly increase from 40 min. At t=0 
the background luminescence decreases from 0 to 1 mM lactic acid. This suggests that 
lactic acid is harmful to the luminescence system and thus above 6 mM the lactic acid 
concentration may be such that it is toxic to the E. coli and negatively impacts on the 
luminescence.
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Figure 4.14. Response (RLU ) o f strain pkatGlux to a concentration range o f lactic 
acid (0 to 10 mM) and lactate oxidase (0.2 U/ml) at t=0, t=20 and t=70 min.
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4.4. D iscussion
A ll experiments were performed at 30 °C, at pH 7.4, the pH o f  LB media, the 
conditions that produce a response with the pkatGlux biosenser. Although this 
environment was not the optimal for the enzymes involved, the enzymatically 
generated oxidative stress was sufficient to produce a response with the pkatGlux 
whole-cell biosensor.
With glucose, the response from strain pkatGlux grew as the concentration o f glucose 
oxidase was increased, up to 0.2 U/ml (figure 4.2). As more enzymes are added, 
greater turn over o f  glucose will occur and a corresponding increase in the amount o f 
hydrogen peroxide generated results. This will put greater stress on the cells leading 
to a higher luminescence.
Above 0.2 U/ml o f  glucose oxidase, no significant improvement is observed. This 
could be because the hydrogen peroxide formed is producing the maximal response 
from strain pkatGlux and no greater response can be produced by the production o f  
any more hydrogen peroxide. Also, above 0.2 U/ml glucose oxidase the glucose 
substrate could become exhausted and no further increase in response is possible. The 
enzyme itself could be becoming denatured, due to the hydrogen peroxide generated 
and non-optimal conditions o f  the media, or the amount o f hydrogen peroxide being 
formed is having a toxic impact on the luminescence system thus no further increase 
in response is possible.
Using 0.2 U/ml, a glucose dose dependent response was observed from 2 mM to 
12 mM (figure 4.3) in 144 min. Above 12 mM glucose no further significant increase 
in the response was observed. The oxidative stress generated may be at a level that
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produces the maximal response from strain pkatGlux, thus increasing the glucose 
concentration above 12 mM may not further increase the response. The hydrogen 
peroxide generated may be denaturing the enzymes and the toxicity is impacting on 
the luminescence. Alternatively the dose dependent increase in response may occur 
due to the substrate becoming exhausted. The more glucose substrate, the more 
hydrogen peroxide formed and the greater the response. When the substrate runs out, 
the concentration o f  hydrogen peroxide can not increase and the response by strain 
pkatGlux does not significantly increase. Above 12 mM, substrate exhaustion may 
take longer and a dose dependant result may not occur until after 144 min.
Correlation o f the response from strain pkatGlux at 144 min to the glucose 
concentration measured by a chemical glucose test kit showed a linear response up to 
8 mM. Thus up to this glucose concentration, the response by strain pkatGlux 
increases linearly and the response from strain pkatGlux to glucose oxidase and 
glucose can be converted into the glucose concentration in the sample o f  interest. No 
response was observed when the whole cell sensor, strain pkatGlux, was incubated 
with glucose oxidase alone, using LB media, indicating that there is no glucose 
oxidase substrate in the media. When glucose oxidase and strain pkatGlux was 
incubated with a range o f  sugars, as expected (Bently, 1955), only glucose produced a 
response thus indicating that glucose oxidase is specific for glucose (figure 4.6).
Using oxidase enzymes whose substrates are: glycerol-3-phosphate, xanthine and 
lactate it was found that strain pkatGlux responded to these oxidase enzymes, with no 
added substrate, for each enzyme when LB was the media used. The response was 
higher in those systems when the substrate was introduced and was abolished when 
catalase was added indicating that the response was due to oxidative stress. Either
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lactate or glycerol-3-phosphate was present in the media or the oxidase enzymes were 
behaving in an unspecific manner. In the case o f xanthine oxidase, yeast extract, a 
component o f  LB, contains xanthine (Rose, 1982), thus a response was expected when 
xanthine oxidase was added to the media containing the whole-cell biosensor.
Using lactate and lactate oxidase, tryptone and then yeast extract were removed in 
turn from LB media to investigate i f  the background response on incubating strain 
pkatGlux with lactate oxidase in LB media could be removed (figure 4.10a). It was 
found that by removing tryptone from the media the background could be reduced to 
levels that were statistically similar to the control (LB media with no tryptone with 
lactate oxidase). Tryptone is digested casein and provides an amino acid source for 
use in growth media. During digestion the amino acids generated may degrade 
forming lactic acid, which is the substrate for lactate oxidase. The biosensor pkatGlux 
responded well to lactate and lactate oxidase, the response o f  which was abolished 
when catalase was included. This indicates that in the presence o f  lactate and lactate 
oxidase strain pkatGlux is exposed to oxidative stress. Following these results, it was 
investigated i f  strain pkatGlux could be applied as a potential lactate biosensor.
The response by strain pkatGlux to lactate (2mM) and a concentration range o f  lactate 
oxidase was similar to that o f  glucose (2mM) with a concentration range o f  glucose 
oxidase (figure 4.2). The response grew, as the concentration o f  lactate oxidase was 
increased (figures 4.12 and 4.13). This further increased until 0.2 U/ml lactate 
oxidase, where by adding more enzyme, the rate o f increase o f  response reduced. The 
substrate could become exhausted using high concentrations o f enzyme thus no 
further increase in response is possible unless more substrate is added.
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Using 0.2 U/ml lactate oxidase, the response o f  strain pkatGlux to a concentration 
range o f lactate was investigated (figures 4.14). Figure 4.14 indicates that an increase 
in luminescence from strain pkatGlux is observed up to 4 mM lactic acid at 40 and 70 
min. Above 6 mM lactic acid the luminescence does not significantly increase from 
40 min. At high concentrations o f lactic acid the generated oxidative stress could have 
been too toxic for the cells. However with enzymatic systems the oxidative stress will 
be cumulative and thus a significant response should have been observed during the 
start o f  the time course. At t=0 the background luminescence decreases from 0 to 1 
mM lactic acid. This suggests that lactic acid is harmful to the luminescence system 
and thus above 6 mM the lactic acid concentration may be such that it is toxic to the 
E. coli and negatively impacts on the luminescence. Another explanation is that at 
high lactate concentrations substrate inhibition occurs. At high concentrations it has 
been suggested that lactate forms a dimer, lactyl-lactate, which may not form a 
substrate on to which lactate oxidase can bind, thus little or no hydrogen peroxide 
results (Alberti and Nattrass, 1977). This prevents a whole cell biosensor from 
directly measuring medically relevant lactate concentrations, that is a lactate 
concentration above 5 mM (Alberti and Nattrass, 1977). The sensor appears sensitive 
at 0.5 mM or less, thus i f  samples could be diluted then a medical function may be 
applicable.
Although strain pkatGlux with glucose oxidase and lactate oxidase may not have the 
sensing range required for a glucose sensor (required range 2mM to 30 mM) or lactate 
sensor (required range 1 to 20 mM (Alberti and Nattrass, 1977) it demonstrates that 
by adding enzymes to the biosensor media, specificity for a substrate can be achieved 
with a whole cell sensor. For samples that have a higher concentration than 8 mM 
glucose or 0.5 mM lactate, a serial dilution would be necessary.
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Adding enzymes with a whole cell sensor enabled substrates that could not previously 
be directly measured with a whole-cell biosensor to be quantified. The enzyme and 
substrates were added in with the biosensor as a mix and did not require any 
membranes to separate the sensing element from the sample thus the system could be 
applied to a 96 well plate format enabling rapid high through put screening to occur. 
Where the medium contains metabolites that are substrates the enzyme o f  interest 
resulting in generation o f oxidative stress, media development can work to remove 
them. This reduces the resulting background and improves sensitivity. Media could be 
developed to see if  a specific pkatGlux biosensor could be constructed to sense for 
glycerol-3-phosphate and xanthine. Other oxidases are also available, for example, 
alcohol oxidase and amino oxidase, thus other whole cell-enzyme biosensor 
combinations are possible.
This chapter proposes that by adding glucose oxidase and lactate oxidase to the 
oxidative stress whole cell biosensor (strain pkatGlux) the specificity o f  the oxidative 
stress response can be increased. By adding other oxidase enzymes, for example 
xanthine oxidase and glycerol-3-phosphate oxidase, the range o f  compounds that can 
be detected be expanded.
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5.1 Introduction
In order to sense for toxicity in the environment, promoters from stress responses 
have been fused to reporter genes, for example, the katG, recA, uspA, and dnaK 
promoters with the luxCDABE  operon from Vibrio fischeri (Belkin et al., 1996, Van 
Dyk et al., 1994, Van Dyk et al., 1995 (a and b) and Vollmer et al., 1997). These 
report on the genetic response to stress inducing agents. For example the promoter 
from the recA gene fused to the luxCDABE  operon increases in luminescence in 
response to and hence identifies mutagenic agents (Vollmer et al., 1997). Also, the 
promoter from the katG gene when fused to the luxCDABE  operon, reports and 
identifies agents that exert oxidative stress on the biosensing cells (Belkin et al., 
1996).
Previous chapters have described an improved version o f  one o f  these biosensors in E. 
coli comprising a fusion o f  the IcatG promoter with the luxCDABE  operon from 
Photorhadbus luminescens. This produced an improved oxidative stress whole cell 
biosensor (strain pkatGlux) giving a conserved, rapid and stable signal (chapter 3). 
With such a system, compounds that result in oxidative stress (for example, treatment 
with menadione, paraquat and organic peroxides), trigger expression o f  the lux operon 
downstream from the catalase gene fragment and result in an increase in luminescence 
from the pkatGlux construct in E. coli.
Chapter 5
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These whole cell sensors will not specifically identify a particular compound in a 
mixture. To this end it was shown that by incubating oxidase enzymes with a 
pkatGlux biosensor one could increase the specificity and the number o f  compounds 
such sensors could detect (chapter 4). It was found that the pkatGlux system 
responded well to glucose oxidase and glucose in a specific way and following media 
development to lactate oxidase and lactate. The system was specific for glucose.
There are many enzymes the products o f  which include glucose. For example (3- 
galactosidase converts lactose into glucose and galactose, a-amylase and a- 
amlyglucosidase both digest starch to produce glucose and cellulases digest cellulose 
to liberate glucose. Thus it is possible to further develop the theme o f  building in 
modular specificity to the stress response whole cell biosensor with the use o f dual 
enzyme systems. The first enzyme acts on the first substrate to yield glucose which 
glucose oxidase converts to hydrogen peroxide and gluconolactone. I f  strain pkatGlux 
is incubated with a dual enzyme system then the number o f compounds that can be 
detected can be increased and a greater specificity introduced.
Also, samples may originate from lake, river or soil samples. These will not be 
‘clean5; they may contain organic debris, dirt and other bacteria that could interfere 
with the biosensing process. To this end lake and soil samples will be spiked with 
substrates, for example starch, milk and glucose to assess the need for sample 
preparation and to simulate detection o f  pollution from dairy and starch processing 
industries.
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5.2 Methods
Experimental methods, describing those used to measure luminescence can be found 
in chapter 2, from section 2.15. Construction o f  the plasmid pkatGlux has previously 
been described in chapters 2 and 3. The strain pkatGlux (plasmid pkatGlux in E. coli 
K12) has also previously been described. Data plotted as mean +/- standard deviation. 
A ll measurements were duplicated.
5.3 Results
5.3.1 Response o f strain pkatGlux to lactose, p-galactosidase and glucose oxidase.
The strain pkatGlux was incubated with 0.2 U/ml glucose oxidase that was previously 
found to be the optimal concentration (chapter 4), lactose and p-galactosidase. 4 U/ml 
o f  p-galactosidase were chosen so that approximately 2 mM glucose would be formed 
from lactose within 40 min, thus enough hydrogen peroxide could be generated during 
the time course to initiate a response from the pkatglux whole cell biosensor. 6 mM 
lactose was added so that it was not a limiting factor.
Results, figure 5.1, indicate that an increase in response is observed from 40 min 
when strain pkatGlux was incubated with lactose, p-galactosidase and glucose 
oxidase. Where lactose is omitted, no significant increase in response is observed 
indicating that there is no lactose in the media or in the enzyme preparations. Neither 
lactose nor p-galactosidase when incubated alone with the biosensor induced a 
response. Similarly no response was observed from strain pkatGlux when lactose was 
incubated with glucose oxidase, thus indicating that the lactose substrate is not
134
R
es
po
ns
e 
ra
ti
o
contaminated with glucose and that there are no interfering species present that may 
result in an increase in luminescence.
Figure 5.1. Response o f strain pkatGlux to lactose (6 mM), p-galactosidase (B- 
galactosidase) (4 U/ml) and glucose oxidase (GO ) (0.2 U/ml) with controls plotted as
response ratio against time (min).
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5.3.2 Response o f strain pkatGlux to lactose, glucose oxidase, and a 
concentration range o f p-galactosidase.
The p-galactosidase concentration was varied to indicate the optimum concentration. 
Previously (chapter 4) it was indicated that 0.2 U/ml glucose oxidase was the best 
enzyme concentration to use. A  response (figure 5.2) was not observed using 0 to 1 
U/ml p-galactosidase, however the response increased exponentially as the p~ 
galactosidase enzyme concentration was increased from 2 to 8 U/ml (figure 5.3). This 
indicates that the response could further be improved by increasing the concentration 
o f  p-galactosidase further. However due to economics it was only viable to use 4 
U/ml.
60 80 
Time (m in)
U/ml P-galactosidase
20.00
18.00
16.00
14.00
12.00 
10.00
8.00
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4.00
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0.00
Figure 5.2. Response o f  strain pkatGlux to lactose (6 mM) and glucose oxidase (0.2 
U/ml) and a concentration range o f  p-galactosidase (0 to 8 U/ml) plotted as response
ratio against time (min).
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Figure 5.3. Response ratio at 120 min, from figure 5.2, plotted against a concentration
range o f  p-galactosidase (0 to 8 U/ml).
137
5.3.3 Response o f strain pkatGlux to p-galactosidase, glucose oxidase, and a 
concentration range o f lactose.
Using 4 U/ml p-galactosidase and 0.2 U/ml glucose oxidase strain pkatGlux was 
incubated with a concentration range o f  lactose. Results (figures 5.4 and 5.5) indicate, 
a concentration dependent response up to 9 mM lactose. At 12 mM lactose the 
response is less than that o f  9 mM, except at 100 min where the difference is not 
statistically different.
Lactose (mM)
0  20 40  60 80
Tim e (m in )
8.00 -|
Figure 5.4. Response o f  strain pkatGlux to glucose oxidase (0.2 U/ml) p - 
galactosidase (4 U/ml), with a concentration range o f  lactose (0 to 12 mM) and plotted
as response ratio against time (min).
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Figure 5.5. Response ratio at 100 min, from figure 5.4, plotted against lactose
concentration (0 to 12 mM).
Lactose is commonly found in milk, which is opaque to the eye. The white nature o f 
milk may obscure the light emitted from induced biosensing cells. Thus to simulate 
turbidity, strain pkatGlux was incubated with 0.4 mM H2O2 to simulate enzymatic 
generated oxidative stress and increasing concentrations o f  milk. The light output 
from the pkatGlux system was not significantly changed during the time course 
(figure 5.6). This suggested that a substance in a liquid such as milk could be sensed 
for, hence an experiment was carried out to see i f  lactose could be detected in milk 
using p-galactosidase, glucose oxidase with strain pkatGlux. The enzymes and cells 
were incubated with increasing concentrations o f full fat milk (figure 5.7).
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ml of full fat milk 
added
Time (min)
Figure 5.6. Response o f strain pkatGlux to 0.4 mM H2O2 with increasing 
concentration o f full fat milk (0 to 0.5 ml), simulating turbidness and plotted as 
response ratio against time (min).
Using the dual enzyme system ( p-galactosidase with glucose oxidase) a concentration 
dependent response is produced using full fat milk as the substrate (figure 5.7). With 
milk and glucose oxidase only and milk and p-galactosidase only, no response was 
observed (data not shown) thus indicating that the response was due to the digestion 
o f  lactose, liberating glucose from which hydrogen peroxide was generated.
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Figure 5.7. Response o f strain pkatGlux to full fat milk (0 to 2 ml) with 4 U/ml p - 
galactosidase and 0.2 U/ml glucose oxidase plotted as response ratio against time
(min).
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5.3.4 Response o f strain pkatGIux to a-amyloglucosidase, glucose oxidase 
and a concentration range o f starch.
To detect starch the strain pkatGIux was incubated with starch, a-amyloglucosidase 
and glucose oxidase (figure 5.8). a-amyloglucosidase digested starch to glucose and 
glucose oxidase then converted glucose to hydrogen peroxide, detected by the 
pkatGIux biosensor as an increase in luminescence.
0.2 U/ml glucose oxidase was previously found to be the best concentration to use 
(chapter 4). 1.2 U/ml o f  a a-amyloglucosidase was chosen so that approximately 2 
mM glucose would be formed from lactose within 40 min, thus enough hydrogen 
peroxide could be generated during the time course to initiate a response with the 
pkatGIux whole cell biosensor. 12 mg/ml starch was added so that it was not a 
limiting factor.
A  significant response (figure 5.8) was observed with strain pkatGIux, starch, 
a-amyloglucosidase and glucose oxidase. No response was observed when 
a-amyloglucosidase was omitted indicating that it has no oxidase activity or exerts an 
effect on the pkatGIux system. When strain pkatGIux was incubated with both 
enzymes, with no starch, no background response was observed indicating that there 
was no starch in the growth media.
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(1.2 U/ml) and glucose oxidase (0.2 U/ml) plotted as response ratio against time
(min).
To optimise the system the concentration o f  a-amyloglucosidase was varied (figure 
5.9). As illustrated in figure 5.10, plotting the response at the end o f  the time course 
against a-amyloglucosidase concentration, the response remained constant up to 0.4 
U/ml. Using a-amyloglucosidase concentrations above 0.4 U/ml, the response was 
similar to strain pkatGlux that received no treatment. Thus adding too high a 
concentration o f  a-amyloglucosidase will result in little or no response.
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U/ml) and a-amyloglucosidase (0 to 1.6 U/ml) plotted as response ratio against time
(min).
Figure 5.10. Response ratio at 120 min, from figure 5.9, plotted against U/ml o f 
enzyme plotted as response ratio against time (min).
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Using 0.4 U/ml a-amyloglucosidase and 0.2 U/ml glucose oxidase, strain pkatGlux 
was incubated with a concentration range o f starch (figure 5.11). As illustrated in 
figure 5.12, plotting the response at the end o f the time course against starch 
concentration, a dose dependent response was observed up to 8 mg/ml starch at 140 
min.
0.4 U/ml a-amyloglucosidase and 0.2 U/ml glucose oxidase plotted as response ratio
against time (min).
Starch (mg/ml)
Figure 5.12. Response ratio at 140 min, from figure 5.11, plotted against starch 
concentration (mg/ml) plotted as response ratio against time (min).
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Cellulose can be digested with cellulase to yield glucose thus in the presence o f  
glucose oxidase, a sensor for cellulase could result. Cellulase is active at pH 5 at 37 
°C and is an expensive enzyme, thus a preliminary investigation, to see i f  the glucose 
concentration is increased to concentrations that could be detected after the pH is 
raised to pH 7 and strain pkatGIux with glucose oxidase added, was carried out.
To produce 2 mM glucose in one hour from the action o f  cellulase on cellulose at pH 
5 at 37 °C, it was calculated that 2000 units o f  enzyme (where one unit liberates 1.0 
mole o f  glucose from cellulose in one hour at pH 5 at 37 °C, source: Sigma-Aldrich) 
would be required per flask o f  25 ml o f  liquid, with 2 mg/ml cellulose to yield 2 mM 
glucose within one hour. By using a glucose test kit, as used in chapter 4, it was 
determined that the enzyme preparation contained 0.39 mM glucose. On incubation o f  
cellulase with cellulose at the required conditions, after one hour the glucose 
concentration was again measured by the glucose test it and found to be 2.05 mM. 
Thus after an hour, i f  the pH is raised to pH 7 and strain pkatGIux and glucose 
oxidase added, a cellulose sensitive system is possible.
5.3.5 Action of cellulase on cellulose to yield glucose.
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5.3.6 Response o f strain pkatGlux to detect substrates using enzyme pathways in 
simulated environmental samples.
Samples that require bio sensing, may originate from lake, river or soil samples. These 
w ill not be ‘clean’ ; they may contain organic debris, suspended sediment and other 
bacteria that could interfere with the bio sensing process. Laboratoiy samples do not 
contain any other bacteria or organisms than the biosensing cells, nor will they 
contain any other cellular debris. To this end lake and soil samples were spiked with 
substrates to see i f  direct sensing was possible, without the need for sample 
preparation.
Glucose was spiked into fresh lake water (collected from the lake, at the University o f  
Surrey, Guildford), at a concentration to yield 2 mM when diluted with double 
strength LB media. Results (figure 5.13) indicate that after 100 min, incubating 
pkatGlux with glucose oxidase and glucose spiked lake water the response is 
significantly higher than controls. No significant response was observed with lake 
water, strain pkatGlux and glucose oxidase, indicating that there were no significant 
quantities o f  glucose present in the water. Glucose oxidase was required for a 
response. Background levels o f  luminescence were conserved and no significant 
response was observed on addition o f  lake water to strain pkatGlux. This indicated 
that there was no initial oxidative stress or toxicity present.
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Figure 5.13. Response ratio at 100 min, incubating strain pkatGlux, glucose (2 mM), 
glucose oxidase (0.2 U/ml) with lake water and tap water in different combinations.
I f  glucose could be detected in lake water via glucose oxidase, could a two enzyme
system detect lactose in milk via p-galactosidase and glucose oxidase. To this end
double strength LB media was diluted with lake water to produce single strength LB
media into which milk was added. Increasing the milk volume increased the response.
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Figure 5.14. Response ratio o f  strain pkatGlux to full fat milk (0 to 2 ml) with 4 U/ml 
P-galactosidase and 0.2 U/ml glucose oxidase.
Samples that require biosensing may contain soil. It has already been shown that it is 
possible to biosense in turbid solutions with hill fat milk (figure 5.6). Therefore is it
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possible to directly sense in soil samples? Soils may vary in pH and salt 
concentrations. The response o f  strain pkatGIux to different pH and salt 
concentrations was determined. The response to a pH gradient (figure 5.15) with 
added hydrogen peroxide (0.4 mM) was observed from pH 2 to 11. The peak 
responses were observed at pH 5 and 9. This could be due to cellular responses to acid 
shock. E. coli expresses acid shock proteins in response to changes in the pH to pH 4 
to 5 (Heyde ct al., 1990). Stress responses also overlap (Blom et al., 1992) and the 
accumulative effect o f  acid shock and oxidative stress may result in the peak response 
at pH 5 (figure 5.15). A  similar mechanism may occur at an alkaline pH, pH 9. The 
stress o f  a high pH with oxidative stress on the E. coli may result in an accumulative 
effect resulting in the peak response at pH 9.
0.4 mM hydrogen peroxide. Data plotted as mean +/- standard deviation.
With a sodium chloride concentration range no significant difference in response was 
observed (figure 5.16).
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Figure 5.16. Response at 100 min o f  strain pkatGlux to a sodium chloride 
concentration range (0 to 3 g/1) plotted as response ratio against time (min).
Increasing weights o f  soil was incubated (figure 5.17) with strain pkatGlux and 0.4 
mM hydrogen peroxide. As the amount o f  soil added increased so did the observed 
turbidity. However, the greater the quantity o f  soil added the smaller the observed 
response. The soil used did not exert oxidative stress on strain pkatGlux (figure 5.18).
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0.4 mM hydrogen peroxide plotted as response ratio against time (min).
Figure 5.18. Response o f strain pkatGlux ( ‘ cells’ ) to soil, with and with out hydrogen 
peroxide (0.4 mM) plotted as response ratio against time (min).
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I f  direct sensing in soil is only possible using 0.8% vv/v soil or less it was investigated 
to see i f  it was possible to extract compounds from soil, producing a liquid sample 
that could be used to treat strain pkatGlux. Hydrogen peroxide was added to soil, 
which was then extracted using LB media, into which the pkatGlux whole cell sensor 
was added. The response by the cells was measured over 110 min (figure 5.19). 
Extracting hydrogen peroxide from soil (3 g) restored the response, which at 110 min 
was approximately 30 % less than the response induced when the same starting 
concentration o f hydrogen peroxide was added directly to strain pkatGlux, with no 
addition or extraction from soil.
-Cells only
-Cells and Hydrogen 
peroxide
-Extracted Hydrogen 
peroxide from soil
—X—Hydrogen peroxide and 
soil
—X—Extracted W ater from soil
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Figure 5.19. Response o f  strain pkatGlux ( ‘cells’ ) to hydrogen peroxide (0.4 mM) 
extracted from soil (3 g) compared to no extraction, cells with no treatment, cells 
directly treated with hydrogen peroxide and water extraction control. Plotted as 
response ratio against time (min).
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Excess sample toxicity may be present in soil samples so appropriate dilutions o f the 
extract should be made to avoid the possibility o f  false-negative results that might 
otherwise occur. An EC50 was obtained from an aqueous hydrogen peroxide extract 
from soil (figure 5.20). Figure 5.20 indicates that the EC50 is less than the extract 
diluted one in ten. From chapter 3, the EC50 o f  hydrogen peroxide using strain 
pkatGIux is 0.5 mM, thus diluting this particular extract to less than one in ten 
produces a concentration sufficient to trigger expression from the katG promoter in 
strain pkatGIux, but not toxic enough to inhibit the luminescence. As the EC50 (0.5 
mM) is less than a one in ten dilution then the concentration o f  the extract is 
approximately 5 mM. The samples were measured 20 min later and increases in 
luminescence were observed in those samples diluted less than one in ten (figure 
5.21).
Figure 5.20. EC50 from strain pkatGIux treated with a dilution range o f  an extract, 
hydrogen peroxide, from soil plotted as Relative Luminescence Units (RLU ) against
dilution factor o f the extract.
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hydrogen peroxide, from soil at 0 min (solid line) plotted as Relative Luminescence 
Units (RLU ) against dilution factor o f  the extract. Luminescence from the same 
samples at 20 min is illustrated (broken line).
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The EC5o at 0 min and the initial increase in luminescence at 40 min was measured 
using strain pkatGlux treated with menadione extracted from soil (figure 5.22). The 
EC50 for the extract was found to be at a dilution o f  0.0015 times the extract. There 
was no method to determine the true concentration in the sample. Compared to 
chapter 3, the response o f  strain pkatGlux to the extract was slower compared to a 
fresh preparation o f  menadione. This could be due to the addition o f menadione to soil 
or due to the extraction steps.
menadione, from soil at 0 min (solid line) plotted as Relative Luminescence Units 
(RLU ) against dilution factor o f  the extract. Luminescence from the same samples at
40 min is illustrated (broken line).
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A ll experiments were performed at 30 °C, at pH 7.4, the pH o f LB media, the 
conditions that best produce a response with the pkatGIux biosensor. Although this 
environment was not the optimal for the enzymes involved, the enzymatically 
generated oxidative stress was sufficient to produce a response with the pkatGIux 
whole-cell biosensor. For example, when lactose, P-galactosidase and glucose oxidase 
were incubated with strain pkatGIux (figure 5.1). With this system neither lactose nor 
P-galactosidase when incubated alone or together with the biosensor induced a 
response. Similarly no response was observed from strain pkatGIux when lactose was 
incubated alone or together with glucose oxidase, indicating that the lactose substrate, 
P-galactosidase or glucose oxidase was not contaminated with glucose and that there 
are no interfering species present that may result in an increase in luminescence from 
the biosensor.
No significant response was observed from strain pkatGIux until 2 U/ml p- 
galactosidase was incubated with lactose and glucose oxidase (figure 5.2 and 5.3). 
Hydrogen peroxide is required to exert oxidative stress in order to induce a 
luminescent response from the pkatGIux plasmid in E. coli. Hydrogen peroxide is 
produced by glucose oxidase in the presence o f  glucose. I f  not enough glucose is 
being produced by p-galactosidase then the hydrogen peroxide generated by glucose 
oxidase may not be o f sufficient concentration to induce expression o f  the lux operon 
from the katG promoter. A  significant response was observed with strain pkatGIux 
using p-galactosidase concentrations between 2 to 8 U/ml thus at these enzyme 
concentrations enough glucose was possibly being liberated from lactose and being
5.4. D iscussion
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converted into hydrogen peroxide by glucose oxidase to elicit a response from strain 
pkatGlux.
In response to a concentration range o f  lactose (figure 5.4) with P-galactosidase and 
glucose oxidase, strain pkatGlux exhibited a dose dependent response up to 9 mM 
lactose (figures 5.4 and 5.5). Above 9 mM, at 100 min (figure 5.5), the response does 
not significantly increase. The oxidative stress generated at 9 mM may be at a level 
that produces the maximal response from strain pkatGlux. The hydrogen peroxide 
generated may be denaturing the enzymes. The toxicity o f  the oxidative stress is 
impacting on the luminescence.
The more lactose substrate, the more glucose formed and the more hydrogen peroxide 
produced and the greater the response. When the substrate runs out, the concentration 
o f hydrogen peroxide can not increase and the response no longer increases. Above 9 
mM, substrate exhaustion may take longer and a dose dependant result may not occur 
until after 100 min. Alternatively at 9 mM lactose, glucose oxidase may become 
saturated with glucose. P-galactosidase is producing glucose faster than glucose 
oxidase can use it thus the rate at which oxidative stress is generated becomes a 
constant and above 9 mM lactose no further change in response is observed. To 
increase the response the glucose oxidase concentration could be increased.
The whole cell sensor responded to increasing concentrations o f  full fat milk and 
hydrogen peroxide. With this simulated turbidity no significant changes in response 
were observed with increasing amounts o f  full fat milk (figure 5.6). This suggested 
that light output from the bio sensing cells could be measured in samples that are 
turbid.
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Experiments were performed to see i f  lactose could be detected in milk using strain 
pkatGlux with p-galactosidase and glucose oxidase (figure 5.7). As the amount o f  
milk added increased so did the response. Controls indicated that the response did not 
significantly change on adding various amounts o f milk and that there was no 
significant glucose present in milk resulting in no background luminescence.
A  dual enzyme system allows a whole cell sensor to detect a disaccharide such as 
lactose. I sought to find out therefore i f  the polysaccharide starch, could be detected 
using such a system, a-amyloglucosidase converts starch directly into glucose was put 
in series with glucose oxidase (figure 5.8). A  significant response (figure 5.8) was 
observed with strain pkatGlux, starch, a-amyloglucosidase and glucose oxidase. No 
response was observed when a-amyloglucosidase was ineubated alone with strain 
pkatGlux indicating that it has no oxidase activity or exerts an effect on the pkatGlux 
system. When strain pkatGlux was incubated with both enzymes, with no starch 
substrate, no background response was observed indicating that there were no 
interfering species in the media.
On changing the concentration o f  a-amyloglucosidase (figures 5.9 and 5.10) the 
response remained constant from 0.1 to 0.4 U/ml a-amyloglucosidase. When the a- 
amyloglucosidase concentration was increased further the response decreased and was 
not significantly different to pkatGlux that had no a-amyloglucosidase. a- 
amyloglucosidase concentrations from 0.1 to 0.4 U/ml may produce enough glucose 
from starch to saturate glucose oxidase and thus produce a constant response from the 
whole cell sensor. When the a-amyloglucosidase concentration is increased further, 
above 0.4 U/ml the glucose produced could in turn be used to produce hydrogen
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peroxide by glucose oxidase in quantities that are toxic to the luminescence system in 
E. coli.
Using 0.4 U/ml, a dose dependent response was observed from 0 to 12 mg/ml starch 
(figures 5.11 and 5.12) at 140 min. Above 12 mg/ml starch no further significant 
increase in the response was observed. At 12 mg/ml starch the oxidative .stress 
generated may be at a level that produces the maximal response from strain pkatGIux 
and at higher levels the hydrogen peroxide generated may start denaturing the 
enzymes. The dose dependent increase in response may occur due to substrate 
exhaustion. The more starch substrate, the more hydrogen peroxide formed and the 
greater the response. When the substrate runs out, the concentration o f  hydrogen 
peroxide cannot increase and the response remains constant. Above 12 mg/ml starch, 
substrate exhaustion may take longer and a dose dependant result may not occur until 
after 140 min. Alternatively a-amyloglucosidase could be producing .glucose faster 
than glucose oxidase can use it thus the rate at which oxidative stress is generated 
becomes a constant and above 12 mg/ml starch so no further change in response is 
observed above this concentration.
Glucose is also produced by the action o f  cellulase on cellulose, another 
polysaccharide. It was calculated that 80 U/ml o f  cellulase would be required to 
produce 2 mM glucose from cellulose in one hour. The glucose concentration was 
confirmed by using a chemical test kit. Such a high concentration o f cellulase is costly 
and so further experiments were not carried out, but indications were that cellulose 
could be detected when incubated with strain pkatGIux, cellulase and glucose oxidase.
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Biosensing with samples in lake water were successful, indicating that the whole cell 
biosensors work in samples that contain inorganic or organic debris and perhaps other 
organisms. Both glucose and milk were detected in lake water (figures 5.13 and 5.14).
Environmental samples, on addition to strain pkatGlux, may cause the pH and salt 
concentration to change. A  salt and pH range was carried out with strain pkatGlux and 
hydrogen peroxide (figures 5.15 and 5.16). The whole cell sensor responded well 
between pH 4 to 9 and was not significantly affected by changing the salt 
concentration from 0 to 3 % sodium chloride adjusted LB media. Thus by changing 
these conditions biosensing with pkatGlux can still take place.
The response from pkatGlux decreased on incubation with hydrogen peroxide and 
increasing quantities o f  soil (figure 5.17). The addition o f soil to the LB media 
produced a liquid that contained a large amount o f  suspended solids, which could 
result in the quenching o f  any luminescence produced by the microbial biosensor. The 
more soil, the more quenching and the lower the recorded response. Also as soil 
contains other organisms then these may excrete compounds or proteins that may 
neutralise the oxidative stress present. However, when hydrogen peroxide was added 
to soil and extracted with water, the response from pkatGlux was restored (figure 
5.19) and an EC50 was obtained (figure 5.20) and luminescence after 20 min recorded. 
Menadione was also extracted from soil using ethanol. After evaporation o f  the 
solvent, the extract was added to pkatGlux and an EC50 was obtained and 
luminescence after 40 min recorded. After extraction o f  menadione from soil, the 
peak luminescence results from extracted samples that were more dilute than the 
original EC50 and the response took a further 20 min to appear. This could be due to
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soil organisms or compounds present in soil interacting with menadione changing the 
induction profile o f  strain pkatGlux.
By adding enzymes in series to whole cell biosensor lactose, starch and possibly 
cellulose could be detected by strain pkatGlux. Glucose and lactose could be detected 
in milk and lake water with no further sample preparation, indicating that this 
biosensing technology could be taken from a laboratory based environment and 
applied in the field. Also biosensing could be used to detect compounds in the soil, 
however the luminescence signal is reduced on the addition o f soil thus extraction o f  
the compound is preferable before bio sensing takes place.
161
Chapter 6
D is c u s s io n
6.1 An improved biosensor using the P. luminescens luxC D A B E  operon in the 
katG -luxCDABE  fusion.
Two microbial biosensors have been constructed, by transforming E. coli with the 
constructs pkatGuv and pkatGlux, made by fusing the promoter gene fragment, katG, 
o f  catalase with the GFPuv gene o f  Aequorea victoria and the luxCDABE  operon o f  
Photorhabdus luminescens. This lux system and that published, fusing the promoter 
gene fragment o f catalase, katG, with the luxCDABE  operon o f  V  fisheri (Belkin et 
al., 1996) appear to be sensitive, being able to detect at levels o f  0.2 mM, and lower 
(Belkin et al., 1996). Above 1.7 mM, the non-specific cytotoxicity o f  hydrogen 
peroxide on the biosensor cells reduces the luminescence rather than inducing it 
(figure 4, chapter 3.). The strain pkatGuv did not appear to have the same level o f  
sensitivity as strain pkatGlux at lower concentrations hydrogen peroxide. Where the 
responsiveness o f  lux diminishes, pkatGuv remainesd responsive, up to 5.2 mM 
hydrogen peroxide, the upper limit that E. coli elicited a response. GFPuv may only 
be a good reporter when there are high levels o f  inducing agent present or a strong 
inducible promoter is used.
Both pkatGlux and pkatGuv strains demonstrate enhanced signal stability over 
systems that use lux genes derived from V  fisheri. With the V. fisheri system, the 
signal for hydrogen peroxide peaks at around 45 min and declines immediately. With 
GFPuv and the lux systems based on P. luminescens, experiments indicate that the 
signal continues to accumulate throughout the experiment. Thus, i f  a sample time is 
missed or a reading delayed the luminescence can still be measured and an estimate o f
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toxicant concentration made. For example, figure 3.4 in chapter 3, the effects o f  
hydrogen peroxide on strain pkatGIux, the signal continues to increase through out the 
time course.
Using the pkatGIux construct with the P. luminescens luxCDABE  operon in E.coli, for 
example, treated with menadione, a dose-dependent result occurred within 20 min 
(figure 3.9a, chapter 3). This is a faster response than the katG-luxCDABE  fusion that 
uses the V  fisheri lux operon (Belkin ct al., 1996), where a concentration dependent 
response occurs within 30 min. To obtain a response with the pkatGuv construct in E. 
coli one had to wait up to 120 min (figure 3.6b, chapter 3) to obtain a measure o f  the 
oxidative stress present.
The rapid responsiveness o f  the luxCDABE  system is due to enzyme based signal 
amplification; the expression o f one set o f lux genes can result in the turnover o f  many 
molecules and production o f  many photons o f  light. With the GFP-based system there 
is a time lag in folded protein accumulation required for observed or quantification 
(Cubitt ct al., 1995) and the signal resulting from GFPuv expression has no means o f  
amplification, thus a slower and less sensitive system results. It was originally thought 
that by using a brighter GFP mutant that had been codon optimised for prokaryotic 
transcription that this would increase the sensitivity and reduces the impact o f  the lack 
o f  signal amplification. This was not so, and for future promoter-reporter fusions in E. 
coli, the lux genes from bio luminescent organisms are recommended.
When GFPuv was used as the reporter gene in E. coli, a response was observed using 
hydrogen peroxide levels above 1.7 mM, the concentration at which the toxicity was 
too great for the luminescence system. An alternative future approach may be to
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combine both constructs together on to a single plasmid, resulting in a luminescence 
sensing range in E. coli from 0.2 to 1.7 mM hydrogen peroxide and a fluorescence 
sensing range from 1.7 to 5.2 mM hydrogen peroxide. Also with GFPuv the original 
media used, LB media, was found to fluoresce which interfered with GFPuv 
fluorescent measurement. To solve this, GFPuv protein could have been extracted 
from strain pkatGuv that had been exposed to oxidative stress. However this would be 
a time consuming procedure. It would not fulfil the desired qualities o f  a biosensor; 
most notably, easy and rapid signal measurement, in the minimum time with minimal 
technical input.
The P. luminescens luxCDABE  operon in the katG-luxCDABE fusion results in an 
improved biosensor compared to the /ca/G-reporter fusion that uses the V  fisheri 
luxCDABE  operon. This appears to be due to the increased signal stability over the 
time course and the enhanced speed o f  response.
The lux operon from P. luminescens, when fused to the katG (this chapter) and recA 
promoters (Davidov et al., 2000) had a higher level o f  background compared with the 
V. fisheri counterparts (Belkin et al., 1996 and Davidov et al., 2000). This could be a 
reflection o f the stability o f  the P. luminescens lux encoded enzymes or low basal 
level expression o f  the operon from the IcatG promoter. This low level o f  background 
can however be put to good use, as an EC50 value can be obtained at t=0 min 
indicating the level o f  non-specific cytotoxicity. The molecular nature o f  damage at 
later time points can then be assessed (figures 3.10a to 3.1 Oj, chapter 3).
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A  further direct use o f a pkatGlux biosensor could be in the assessment o f 
antioxidants. By incubating the biosensor with a standard quantity o f hydrogen 
peroxide one could measure the reduction in response with increasing antioxidant 
activity. The pkatGlux biosensor could also be used to detect ionising radiation and 
the reactive intermediates o f  xenobiotics could be studied. The contribution o f  free 
radicals in airborne pollutants could be investigated, for example, cigarette and car 
exhaust fumes that have been shown to generate free radicals. Emissions from petrol 
and diesel engines have been shown to contain compounds that result in the oxidative 
destruction o f  bio molecules (Blaurock et a l 1992), probably not derived from the 
carbon particulate matter but entirely from polycyclic aromatic hydrocarbons, 
nitroaromatic compounds and quinones adsorbed onto the huge surface area o f these 
carriers (Vogel and Elstner, 1989). Diesel soot has been shown to catalyse the 
production o f oxygen radicals (Vogel and Elstner, 1989) and nitropyrene in the 
presence o f  rat microsomes to produce the superoxide radical (Nachtman, 1986). 
Smoking is a major cause o f  human cancers and produces many different compounds. 
Potential oxidative stress has been reported in cigarette tar extracts (Nakayama et al., 
1989). Compounds that contain benzoquinone, naphaquinone, thioquinone and 
anthraquinone type structures have been shown to generate strong oxidants, for 
example in fungal and bacterial phytotoxins (Heiser et al., 1998), due to their ability 
to redox cycle forming activated oxygen species (O2 ’). These species then react with 
membrane phospholipids and any other molecules present, resulting in lipid 
peroxidation, membrane damage, cell lysis and cell death.
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With microbial biosensors that contain promoter-reporter fusions, an increase in the 
expression o f  the reporter gene used can result from any compound that causes 
activation o f the promoter. The information that the biosensor provides is limited to 
the molecular nature o f the toxicity and cannot specifically identify any toxicants 
present and further analysis by GC, HPLC or mass spectrometry may be required.
Compounds may induce one or more stress response. For example a redox cycling 
agent that generates oxidative stress may induce the gene for catalase. As the 
oxidative stress reacts with the D N A  inside the cell the recA response to genetic 
damage may also be induced. Thus more than one promoter-reporter fiision, is 
induced. For example a katG-lux and recA-lux fusion that can either suggest the 
presence o f  one or two compounds; a free radical stress inducing compound or/and a 
mutagenic compound.
Attempts have been made using such panels o f  stress promoters fused to the V  fisheri 
luxCDABE  operon in E. coli to quantify and identify toxicants in a mixture (Ben- 
Israel et al., 1998). The rationale used assumes that toxicants activate certain lux- 
fused promoters to provide a finger print response pattern and the luminescence 
recorded reflects the ‘biologic signatures’ (Ben-Israel et al., 1998) o f  the chemicals 
used. The biologic signatures are used to derive an algorithm that was used to identify 
and quantify toxicants in mixtures o f  liquids. However, for chemicals other than the 
standards used, classification only to families o f  chemicals could be supplied and 
specific identification could not be provided. In order to use this system the panel o f  
promoter-reporter fusions needs to be tested with standards, 25 in all (Ben-Israel et 
al., 1998), each time a sample is analysed to get comparable results due to day to day
6.2. Specifically identifying compounds using stress promoter-reporter fusions.
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variations in luminescent induction that may occur. This is a time consuming process 
with additional costs involved. One would need a laboratory to undertake such 
sampling, which again increases cost.
A  simpler approach was tried and tested in this project. It relies on adding enzymes 
into the growth medium, to specifically interact with a substrate with the resulting 
products inducing luminescence from the promoter-reporter fusion in E. coli. One 
class of enzymes of which some are commercially available were the oxidoreductases. 
In conditions that favour oxidation these act on substrates to produce two products, 
one of which is hydrogen peroxide. Signal output resulting from the hydrogen 
peroxide induced luminescence from the katG-lux operon in strain pkatGIux could 
then be measured (figure 3.4, chapter 3). Thus only in the presence of a substrate is 
hydrogen peroxide produced by the oxidase, which in turn is tranduced into light by 
the pkatGIux microbial sensor and measured using a photon counter. Chapter 4 
demonstrates this principal. Increases in luminescence response were observed when 
glucose oxidase was incubated with glucose and strain pkatGIux. It was also 
demonstrated that not only the system specifically detects glucose, the response 
increased with increasing glucose concentration from 2 to 12 mM.
Glucose oxidase was chosen due its ability to produce hydrogen peroxide and its low 
cost. Although the sensor may not have the range required for a glucose sensor, 
samples in the 2 to 30 m M  range sample could be serial diluted and run next to a 
standard curve. One use may be in pollution control. Organic pollution by 
carbohydrates from food and beverage processing industries can enter rivers 
(Ramjeawon and Baguant, 1995). Using glucose oxidase with strain pkatGIux
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provides the potential for an environmental biosensor to detect such spills. When 
glucose was spiked into lake water samples (figure 5.13, chapter 5) with glucose 
oxidase, strain pkatGlux showed increased luminescence.
Using oxidase enzymes whose substrates are: glycerol-3-phosphate, xanthine and 
lactate it was found that strain pkatGlux responded to these oxidase enzymes, with no 
added substrate, for each enzyme when LB was the media used. The response was 
higher in those systems when the substrate was introduced and was abolished when 
catalase was added indicating that the response was due to oxidative stress. Either 
lactate or glycerol-3-phosphate was present in the media or the oxidase enzymes were 
behaving in an unspecific manner. In the case of xanthine oxidase, yeast extract, a 
component of LB media, contains xanthine (Rose, 1982), thus a response was 
expected when xanthine oxidase was added to the media containing the whole-cell 
biosensor.
Using lactate and lactate oxidase, tryptone and then yeast extract were removed in 
turn from LB media to investigate if the background response on incubating strain 
pkatGlux with lactate oxidase in LB media could be removed (figure 7, chapter 4). It 
was found that by removing tryptone from the media the background could be 
reduced to levels that were statistically similar to the control (LB media with no 
tryptone with lactate oxidase). Tryptone is digested casein and provides an amino acid 
source for use in growth media. During digestion, amino acids may degrade and the 
carboxyl portion may form lactic acid, the substrate for lactate oxidase. This results in 
a background response from strain pkatGlux when incubated with lactate oxidase in 
LB. Increase in luminescence from strain pkatGlux was abolished by the addition of
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catalase, when incubated with lactate and lactate oxidase, indicating that the response 
was due to oxidative stress. Thus the pkatGIux promoter-reporter fusion could detect 
lactate after media development and a dose dependent response was observed up to 1 
m M  lactate. Thus media development may provide similar biosensors, if required for 
xanthine and glycerol-3-phosphate.
The strain pkatGIux responded well to substrates by adding glucose oxidase and 
lactate oxidase into the growth media. It was realised that other enzymes, notably a- 
amyloglucosidase, p-galactosidase and cellulase digest carbohydrates to produce 
glucose. Thus incubating these enzymes with glucose oxidase and their substrates the 
range and specificity of the pkatGIux microbial biosensor could be increased further. 
Lactose and starch could be detected and a dose dependent response was also 
observed. Incubating p-galactosidase and glucose oxidase with strain pkatGIux a dose 
dependent response was observed up to 9 m M  lactose (figures 4 and 5, chapter 5). 
When the a-amlyoglueosidase was incubated with starch and glucose oxidase a dose 
dependent response was observed up to 12 mg/ml starch (figures 11 and 12, chapter 
5). It was indicated that cellulase could produce enough glucose from cellulose to 
produce a cellulose biosensor with strain pkatGIux and glucose oxidase. Glucose, 
starch, milk containing lactose and cellulases could be released by industry into rivers. 
Thus if E. coli containing the pkatGIux plasmid is incubated hi an array, by adding in 
enzymes to the growth media, different types of pollution could be tested for in a 
cheap and simple format.
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Many biosensors for lactate and glucose already exist, using amperometric devices 
(Clark and Lyons, 1962). These could replace the pkatGlux microbial sensor by 
placing a glucose oxidase amphometric biosensor in parallel with a- 
amyloglucosidase, p-galactosidase and cellulase that are free to move in the sensing 
medium. This could increase sensitivity and produce electronic biosensors for 
carbohydrates. Long chain carbohydrates are too big to diffuse to electrode surfaces 
and by adding in enzymes that digest them allowing glucose to reach the immobilised 
enzyme surface solves this problem. However the enzymes required are expensive 
and may have a limited shelf life. An electronic biosensor for glucose may not exist in 
a 96 well plate format or may be prone to interference when tested with real 
environmental samples that contain organic, inorganic and other organisms.
An alternative, simple approach could be to clone genes responsible for oxidase 
enzymes and express them in E. coli that has the pkatGlux plasmid. Thus a panel of 
sensors could be developed each with strain pkatGlux, but with a different oxidase 
enzyme. D N A  sequences exist that direct proteins to be excreted from the microbial 
cell. Also genes encoding membrane pores in E.coli are freely available. Thus if the 
promoter-reporter fusion is integrated into the chromosome and an oxidase gene 
cloned into a high copy plasmid, a self-contained specific biosensor will result. E. coli 
is cheap to grow and as there would be no need to buy commercial enzymes an 
economic advantage would exist. Fresh enzyme would be continually be produced by 
the microbes. The sensing element is protected from the sample and cells could also 
be freeze dried for long term storage. The technology for high throughput screening 
also exists and is relatively cheap.
6.3. F u rth e r  w ork
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Not only oxidase enzymes result in oxidative stress in the presence of substrates. 
Recently it has been demonstrated that Napthalene Dioxygenase (NDO) in the 
presence of benzene produced hydrogen peroxide (Lee, 1999). N D O  has been cloned 
into E. coli (Suen and Gibson, 1994) and the expression system used produces active 
protein (Suen and Gibson, 1994). Thus if N D O  is also cloned into strain pkatGlux the 
possibility arises that a specific microbial biosensor for benzene may result. Other 
oxidoreductases (May, 1999) may exist that in the presence of hydrocarbon result in 
the production of oxidative stress, for example in fungi that degrade PCBs and 
phenolic macromolecules from brown coal. Thus if these are screened for other 
opportunities for specific microbial biosensors exist. The N D O  system could also be 
used in an electronic biosensor. However the pure protein would be required and this 
would be expensive to prepare, as it is not commercially available. Thus expression of 
N D O  in E. coli that have the ImtG-lux fusion could present a cheap alternative.
Adding enzyme in series could further enhance the usefulness of other promoter- 
reporter fusions. For example if there are specific enzymes that metabolise mutagens 
and the products are either more or less mutagenic then they can be identified using a 
recA-luxCDABE fusion via an increase or decrease in luminescence compared to a 
control that has no enzyme present. The enzymes could be added into the sample, 
bought commercially, or expressed in E. coli along with the promoter-reporter fusion.
Enzymes of this nature could be cloned from pseudomonads that contain degradative 
pathways for compounds such as toluene, xylene, haloalkanes and polychlorinated 
biphenyls which are all serious environmental pollutants (Stewart, 1993). Thus if
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there are enzymes present in these pathways that degrade and hence reduce the 
toxicity of these compounds then they can be specifically biosensed.
There are also heavy metal resistance pathways in pseudomonads species that have 
genes for metal binding proteins. When these proteins bind to the heavy metal then 
the toxicity of these compounds may be reduced. If so, then they can be specifically 
be detected via a comparison between the luminescence of a whole cell sensor that 
has the cloned metal binding protein in parallel with a promoter-reporter fusion and 
that, which has the promoter-reporter fusion only. The promoter-reporter fusion that 
has the metal-binding protein should exhibit a lower luminescence due to the 
decreased toxic load and hence identify the particular metal present in a sample.
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185 Copy of transcript sent for filing on 3 April 2000. Patent No. GB 0008123.2
186 Figures are not included.
187 The present invention relates to whole-cell biosensors harbouring D N A
188 encoding selectively inducible light-emitting reporters.
189
190 Many detection methods are used in the field of analytical chemistry and
191 biochemistry, and the use of enzymes and other biological markers, or reporters, is
192 extremely common. However, such in vitro systems have limitations, such as when
193 they are exposed directly to unpurified sample, especially for long periods.
194 Accordingly, more robust systems are required in such circumstances.
195
196 In this respect, whole-cell biosensors have several advantages. The range of
197 reporter genes now available makes signal detection easier in response to a given
198 inducing agent. Cells, once suitably engineered, are cheap, reliable and easy to
199 grow, particularly where E. coli is used as the host. In addition, not only do such
200 whole-cell biosensors report the quantity of the inducing agent present, but also the
201 bioavailability of the agent.
2 0 2
203 A  further advantage of in vivo biosensors is that they both maintain the
204 reporting system and protect it from harmful aspects of the surrounding
205 environment. Thus, the sensing proteins can remain functional for a longer period
206 of time in a harsh environment and are accumulated intracellularly, if suitable
207 conditions are chosen. In comparison with in vitro approaches, whole cells can be
208 exposed directly to the sample and require no complex membrane systems to
209 separate the sensing element from the target chemicals (or other damaging agents)
210 in the sample of interest and, so, lend themselves to easier and less expensive
211 operation.
2 1 2
184
213 Initially, work in this area has concentrated on using lux genes from the
214 marine bacterium Vibrio fisheri. Cloning and manipulation of the lux cassette has
215 further facilitated its application as a reporter, and has often been used to detect
216 toxic insults. Cells express the lux product constitutively so that a toxic insult,
217 resulting in cell death, is reflected in decreasing luminescence.
218
219 V  fisheri only grows at temperatures up to about 30°C, so that there are
220 commercial problems when incorporating the lux genes in E. coli, for example, as it
221 is normal practice to grow cultures of E. coli at optimal temperature, i.e. around
222 37°C.
223
224 Recently there has been interest in Green Fluorescent Protein [Cubitt, A. B.,
225 et al, (1995), TIBS, 20, 448-455] and its variants, for example GFPuv, a form
226 demonstrating enhanced fluorescence and optimised for prokaryotic expression
227 [Crameri, A., et al., (1996), Nature Biotechnology, 14, 315-319]. Also the lux
228 C D  A B E operon encoding the luciferase of the bacterium P. luminescens, has
229 recently been cloned and characterised [Winson, M. K., et al, (1998), FEMS
230 Microbio logy Letters, 163, 193-202].
231
232 Where suitable, tightly regulated promoter sequences are known, these can
233 be utilised to construct a reporter system that is inducible in the presence of a
234 selected subset of toxicants. E. coli harbouring V  fisheri lux genes and the nah
235 promoter has been shown to be sensitive to naphthalene, for example. Judicious
236 selection of appropriately sensitive regions of D N A  confers selectivity on such
237 recombinant reporter systems and is able to provide a means of discriminating the
238 molecular nature of the damage caused by the presence of the toxicant.
239
240 A  particular problem with providing a commercial product based on such
241 reporters, even when associated with selective promoters, is that lack of a signal
242 from the reporter is not necessarily associated with only an absence of toxicant - it
243 may also be associated with lethal levels of toxicant, such that the organism is killed
244 before a signal from the reporter can be detected. An extra test, therefore, is needed,
245 in order to establish which condition applies.
185
246 It has now, surprisingly, been found that P. luminescens lux CD A BE genes
247 can be cloned into a suitable organism and are both constitutively and inducibly
248 expressed.
249
250 Accordingly, in a first aspect, there is provided a whole-cell biosensor
251 harbouring D N A  encoding a selectively inducible light-emitting reporter,
252 characterised in that the D N A  comprises a selectively inducible promoter
253 operatively linked to the reporter gene and wherein the reporter gene is both
254 constitutively and inducibly expressible.
255
256 As used herein, the term "biosensor" relates to any organism which can be
257 used in an assay as an indicator. The organism may not necessarily be useful in all
258 conditions, and it will be apparent to one skilled in the art which organisms may be
259 used for which assays. E. coli is often the organism of choice, as so much is known
260 about it, but other organisms, such as B. subtilis, or Pseudomonads may be used,
261 and even simple eukaryotes, especially the yeasts, may also be used.
262
263 In accordance with the present invention, the biosensor organism will
264 contain D N A  encoding at least one light-emitting reporter. The P. luminescens lux
265 CD A B E gene has been found to be particularly suitable for use in the present
266 invention, and its product is luminescent, but it will be appreciated that other light-
267 emitting reporters may be used, which may be fluorescent, for example.
268
269 Where the P. luminescens lux C D A B E gene is specified, for example, it will
270 be understood that any variant, mutant or engineered derivative thereof may also be
271 used, provided that the reporter product fulfils the requirement of being light-
272 emitting. This applies to any genes specified herein, as well as to other sequences,
273 such as promoters.
274
275 The reporter is constitutively expressible such that the live organism
276 expresses the reporter, even when the inducer is not present. This provides a
277 background level of radiation. The reporter is also inducibly expressible so that, on
278 exposure to an appropriate level of inducer, the reporter is expressed at measurably
186
279 higher levels than the background. Thus, the promoter does not actually block
280 expression of the reporter gene, but actively promotes expression when induced.
281
282 Thus, biosensors are provided which can give a continuing indication that
283 the sample on test does not contain lethal levels of toxicant, so that no extra test is
284 necessary, provided that levels of light emission are maintained.
285
286 It will be appreciated that the promoter used may be selected for any
287 particular analyte in a sample. In one particular use, it may be selected for a
288 specific toxicant in field surveys, for example. One promoter that has been found to
289 be useful is the katG promoter, which is responsive to oxidative stress.
290
291 The katG promoter has previously been fused with the V. fisc fieri lux
292 cassette and was used in comparative studies [Belkin, S et al., (1996), Applied and
293 Environmental Microbiology, 62, 2252-2256]. The E. coli katG gene product is a
294 catalase and its role in the biochemistry of the oxidative stress response has been
295 well-defined. Induction of the katG promoter is tightly regulated by the oxidative
296 stress sensing protein, OxyR. Thus, when the katG promoter region is fused to a
297 reporter gene, the resulting biosensor is able to sense oxidative stress.
298
299 It will be appreciated that more than one biosensor may be used in an assay,
300 or that a biosensor may comprise more than one reporter. However, the more
301 differingly selectable reporters there are present, the more difficult it is to establish
302 which reporter is reacting with which analyte, or toxicant.
303
304 The green fluorescent protein (GFPuv) fluoresces under U V  and has also
305 been found to be useful in the present invention, in addition to the lux gene, for
306 example. This particular reporter is not generally constitutively expressed, but is
307 expressed at higher levels of toxicant than can be tolerated by the lux gene. In fact,
308 the pkatG GFPuv E., coli biosensor remains responsive, up to 5.2 mM, the upper
309 limit for E. coli survival. In addition, as the lux product is luminescent and GFP is
310 fluorescent, then this can provide a wider range of indication of levels of toxicant,
311 and this is particularly useful in the present invention, and forms a preferred
312 embodiment.
187
313 Apparatus exists and is readily commercially available which is able to
314 detect both luminescence and fluorescence, simultaneously, and is advatageously
315 used in connection with the above embodiment.
316
317 The present invention provides assays using bionsensors of the invention,
318 the use of such biosensors, and assay kits containg such biosensors.
319
320
321 EXAMPLES
322
323 Both the GFPuv and P. luminescens lux CD ABE genes were fused to the
324 katG promoter and tested. GFPuv encodes green fluorescent protein derived from
325 Aequorea victoria. The luxCDABE gene encodes bacterial luciferase from
326 Photorhabdus luminescens. Both reporter systems produced stable signals. The lux
327 construct was more sensitive at lower concentrations of hydrogen peroxide and the
328 response time to inducing agents was shorter when compared with GFPuv. The
329 latter, however, was better able to sense oxidative stress at concentrations that
330 impaired signal output in the E. coli lux system.
331
332 The E. coli lux system was additionally responsive to redox cycling agents
333 and organic peroxides, again producing a stable signal output. Low level non-
334 induced bioluminescence was observed using the P. luminescens reporter system
335 and this was utilised to measure EC50.
336
337 Plasmids and E. coli strains.
338 The lux cassette of pSB417 (18) was excised and ligated into FcoRl
339 (Promega) -digested pUC19 to give the vector, pluxl9.
340
341 The katG promoter region was obtained via PCR amplification (Stratagene
342 Optiprime Kit) from a K12 chromosomal D N A  preparation (7) yielding a 688 bp
343 fragment. PCR primer sequences (5’-GTCACCCGGGGTTCAGATC and 5’-
344 G  AAT ATT CCCCGGG AT AT GGT G) (Sigma-Genosys) were based on GenBank
345 (http://www.ncbi.nlm.nih.gov/web/search) sequence data and the published
346 sequence analysis of E. coli katG promoter region (10). Both primers include
188
347 sequences that contain Smal restriction sites. PCR products were cloned using the
348 pGem T-vector cloning kit (Promega) and constructs used to transform DH5a
349 competent cells (Sigma-Aldrich). Cells were grown on LB-ampicillin (100 pg/ml)
350 and clones were identified by insertional inactivation of lacZ in presence of Xgal
351 (Gibco BRL) and confirmed by sequencing (Applied Biosystems 373A  D N A
352 Sequencer). A  suitable clone, with a verified sequence, was digested using Smal
353 and the excised 688 bp fragment ligated into Smal -digested pluxl9, to give the
354 promoter-reporter fusion, pkatGlux.
355
356 The reporter gene construct, pkatGuv incorporates a 300 bp PCR fragment
357 containing the katG promoter. PCR primers
358 (55 - AGC AC A GC AT GCT GCCTCG A A  and
359 5’-GATATCGTCTGCAGGCGCTCAT) (Gibco BRL) were based on GenBank
360 (http://www.nebi.nlm.nih.gov/web/search) sequence data and the published
361 sequence of E. coli katG promoter region (10). The sense and antisense
362 oligonucleotides contained Sphl and Pstl restriction sites respectively. PCR
363 products were blunted with Klenow fragment and cloned into Smal digested
364 pUC19. Insertion was confirmed by digestion with Sphl and Smal and this
365 fragment ligated into the mcs of Sphl- and Rs/I-digested pGFPuv to give pkatGuv.
366
367 The control plasmid pUV was constructed by amplifying the pGFPuv
368 plasmid using PCR primer sequences (GIBCO BRL) based on sequence data
369 (Clontech) (sense; 55 - AC AGCT AT GACC AT GATT ACGCC, antisense; 5’-
370 G G  A G  A G G  AAGCTT GCGT ATTGG).
371
372 The pGFPuv product contained a novel Hind III site (shown in bold on the
373 primer) upstream of the lac promoter that is fused to the GFPuv gene. As shown in
374 Figure 1, after PCR, pGFPuv possesses a Hind III site either side of the promoter.
375 Hence digestion of the PCR product with Hind III and religation produced the
376 promoterless construct pUV. Removal of 216 bp containing the promoter region
377 was confirmed by sequencing. The plasmids, pkatGlux, pUV and pkatGuv were
378 used to transform into Esherishia coli K12 (NCTC W 1 10611).
379
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380 Insert verification
381 The plasmids pkatGIux and pkatGuv were sequenced (Applied Biosystems
382 373A  D N A  Sequencer) using sequence primers designed to show the orientation of
383 the insert with respect to the reporter gene and to sequence the whole of the
384 promoter region. Sequencing showed correct orientation of insert in both vectors
385 with respect to the reporter genes with no base mismatches. Nine stop sequences in
386 all three reading frames preceded the promoter-reporter fusions.
387
388 Experimental methods
389 All E. coli strains were grown in Luria-Bertani medium (LB) at 30 °C. To
390 assay for luminescence cells were grown in the presence of ampicillin (Sigma) at
391 100 pg/ml to mid exponential phase (OD 600 nm = 0.5 - 0.6) (Pharmacia Biotech
392 Ultrospec 2000 UV/Visible Spectrophotometer). Cells were then diluted 50 times
393 in 25 ml LB (with ampicillin) in baffeled flasks and shaken at 30 °C for 90 mins at
394 200 rpm followed by toxic challenge. 50 pi samples (n=2) were taken from each
395 flask and luminescence measured using a Lumac Biocounter (Celcis-Lumac BV) for
396 10 S and data presented as relative light units (RLU).
397
398 Fluorescence assay was performed on 3 ml samples (n=2) measured using a
399 Jenway fluorescence spectrophotometer (excitation = 420 run, bandwidth = 20 nm,
400 emission = 510 nm) and calibrated with 1 pi of rGFPuv (Clonetech) at 1 pg/ml to
401 give the upper limit of fluorescence quantification to derive the measured Relative
402 Fluorescence Units (RFU).
403
404 Chemicals
405 All chemicals used were analytical grade and supplied as shown. Hydrogen
406 peroxide (BDH). Ethanol and media components, Na2HPC>4.7H 2 0, K H 2PO4, NaCL,
407 glucose, MgS04, FeS04, CaCfe and N H 4CL (Fisher scientific). Tryptone and Yeast
408 Extracts (Oxoid). The remaining compounds, cumene hydrogen peroxide, tert-butyl
409 hydrogen peroxide, peroxybenzoate, menadione and paraquat (Sigma-Aldrich).
410
411 Results
412 Lux reporter system
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413 Responsiveness of E. coli (pkatGlux) to different hydrogen peroxide
414 concentrations is shown in Figure 2. The response ratio was calculated by dividing
415 the luminescence at each time point by that at time zero for each concentration of
416 toxicant (1). A  sharp increase in luminescence was observed at 20 min, which
417 continued to increase, at a slower rate during the duration of the experiment. The
418 response was dose dependent up to 1.7 m M  hydrogen peroxide.
419
420 A  similar result could not be achieved, however, with the pkatGuv construct
421 in E. coli K12 using LB as the medium. Due to background fluorescence from
422 media components, no quantifiable measurement could be undertaken, so a
423 qualitative indication of GFPuv expression was achieved using a fluorescent
424 microscope. Furthermore, in comparing induction profiles of samples in the
425 presence of hydrogen peroxide with those that had none, it was noted that only
426 those with a particularly high concentration of hydrogen peroxide (1.76 to
427 5.29 mM) showed an increase in fluorescence over time (data not shown).
428
429 To eliminate effects from fluorescent media components, pkatGuv
430 fluorescent measurement was carried out in M9 minimal media, and the response is
431 shown in Figure 3a. The optical density versus time is shown in Figure 3b.
432 Although an increase in fluorescence was observed over time, concurrent changes in
433 the optical density (OD 600 nm) of the cell suspension indicated that the biomass
434 was actually decreasing in cultures where the inducing agent was present.
435
436 Only cells unexposed to hydrogen peroxide demonstrated both a stable
437 ODeoo and fluorescence reading that increased with time. Only when signal output
438 and biomass is corrected for dose, does a dose dependent response become apparent
439 (Figure 3c). The response is clear when the response ratio is plotted against time
440 (Figure 3d). From this plot, at time 240 min, a calibration line can be drawn (Figure
441 3e).
442
443 Media development
444
445 The biochemistry of the oxidative stress response suggests that, in stationary
446 phase, then stationary phase sigma factor, RpoS, and not OxyR, is involved in the
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447 regulation of katG, and expresses catalase in a constitutive fashion (13). It has been
448 suggested that OxyR control of katG may only occur during cell growth. If the cells
449 are not growing, as suggested by the decrease in biomass shown in Figure 3b, then
450 RpoS may be controlling expression from the katG promoter in a peroxide non-
451 inducible manner.
452
453 The construct pkatGlux was exposed to hydrogen peroxide in M 9  media. A
454 response was also observed in a comparable concentration range (1.76 to 3.52 mM),
455 though this was not as great as when LB was used (data not shown).
456
457 E. coli (pkatGlux) shows strong induction when grown in LB medium.
458 However LB broth contains endogenous components that fluoresce. Hence to use
459 pkatGuv required development of a medium suitable for both cell growth and
460 fluorescence measurement. Of the constituents of LB, tryptone showed minimal
461 background fluorescence and was used to supplement M9 media (3g/l). The
462 fluorescence signal from E. coli (pkatGuv) grown in this medium was measured
463 over time with increasing concentrations of hydrogen peroxide. The O D  (600nm)
464 showed that biomass was increasing exponentially (data not shown). It was noticed
465 that as the O D  increased so did the fluorescence, both in samples without hydrogen
466 peroxide and those with. When the fluorescence is corrected by the OD, with no
467 hydrogen peroxide present, and plotted against time, a similar plot results with both
468 pkatGuv and pUV, the promoterless GFPuv control, indicating no expression of
469 GFPuv from the katG promoter. When the plot is repeated with pkatGuv and pUV
470 with hydrogen peroxide above 3.52 mM, the RFU/OD value becomes significantly
471 higher in pkatguv compared with the promoterless GFPuv gene (Figure 4). The
472 percentage increase of pkatGuv compared to pUV is shown in Table 1.
473
474 Figure 2 demonstrates that pkatGlux (0.22 - 1.76 m M  H 2O 2) has a greater
475 apparent sensitivity than pkatGuv (1.76 — 5.29 m M  H 2O 2, Figure 3d) whereas the
476 latter is sensitive over a wider concentration range. Thus further experiments were
477 carried out to study the response of pkatGlux to other agents. Figure 2 also shows
478 the response of pkatGlux to a concentration range of hydrogen peroxide. To ensure
479 cell growth was proceeding throughout the time course, the O D  was measured with
480 and without hydrogen peroxide (Figure 5). The inducing agent was added at 20 min
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481 and the concurrent luminescence readings are shown in Figure 6. Although the OD
482 is increasing linearly during the time course, the luminescent response increases in a
483 sigmoidal plot 20 min after the addition of hydrogen peroxide and peaks at 80 min
484 when the rate of increase declines but the signal appears constant.
485
486 Response of pkatGIux to redox cycling agents
487
488 Various pollutants produce free radicals via redox cycling and, thus, the
489 response of such agents was investigated by using pkatGIux. Menadione (dissolved
490 in ethanol) was added to pkatGIux at concentrations between 0 and 100 pg/ml. The
491 response (Figure 7a) shows dose dependency and an increasing signal at all
492 concentrations for the duration of the experiment. When the response at 20 min is
493 plotted against concentration, a linear calibration curve results (Figure 7b).
494
495 A  background level of luminescence is evident in the system, and is useful
4 9 6 to provide an E C 5o, measured at time zero immediately after the addition of toxicant
497 (Figure 7c). The EC50 value is close to the concentration of menadione that
498 produces the peak luminescence (25 pg/ml).
499
500 The responsiveness of E. coli (pkatGIux) to another redox cycling agent,
501 paraquat, is shown in Figure 8. The maximal response was achieved at up to
502 1 mg/ml at 60 min where an unambiguous dose dependent response can be
503 observed. The response was less than with menadione and, so, higher
504 concentrations of reagent were required.
505
506 Organic peroxides
507 pkatGIux was treated with three organic peroxides, cumene hydrogen
508 peroxide, tert-butyl hydrogen peroxide and peroxybenzoate (Figures 9a and 9b).
509 Cumene elicited the best response, peaking at 60 min, whereas the remaining two
510 produced a delayed response at 140 min, when the response achieved was higher
511 than that of the background luminescence.
512
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513 The more rapid responsiveness of the lux systems compared with the GFP-
514 based system is due to the time lag in protein accumulation required for observed or
515 quantification (5). Also, the signal resulting from GFPuv expression has no means
516 of amplification. With lux, signal amplification can occur; the expression of one set
517 of lux genes can result in the turnover of many molecules and production of many
518 photons of light. In P. luminescens, for example, a dose-respondent result can be
519 observed within 20 min (Figure 7b). This is faster than systems based on the V
520 fisheri lux operon and much faster than the pkatGuv where one may have to wait for
521 120 min (Figure 4) to obtain a measure of the amount of oxidative stress present.
522
523 Both pkatGlux and pkatGuv demonstrate enhanced signal stability over
524 systems that use lux genes derived from V. fisheri. With the latter system signal for
525 hydrogen peroxide peaks around 45 min and declines immediately. With GFPuv
526 and the lux P. luminescens based biosensing systems described in this paper,
527 experiments indicate that the signal continues to accumulate throughout the
528 experiment. Thus, if a sample time is missed or a reading delayed the luminescence
529 can still be measured and an estimate of toxicant concentration made.
530
531 The background obtained with P. luminescens is useful to provide an EC 50
532 value obtained at t= 0 with other measurements of inducing toxicants at later time
533 points (Figure 7c).
534
535 Fluorescence was measured indirectly by dividing the observed RFU by the
536 O D  to standardise for differences in cell density. With luminescence, the response
5 3 7 was faster and greater and thus the changes in cell density have less impact on
538 signal output.
539
540 The biochemistry of the katG system suggests that regulation by OxyR
541 occurs during the exponential growth phase. Thus the response in M9 media of
542 pkatGuv to hydrogen peroxide may be erroneous, as the cell density is not
543 increasing (Figures 3a -3e). When the cells are growing (Figure 4), the measure of
544 RFU per unit of O D  has been shown to increase in a dose dependent manner.
545 Correcting RFUs per unit of O D  has been used previously to express data from
546 GFPuv (2). However, the RFU/OD also increases in a promoterless pGFPuv
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5 4 7 control with increasing hydrogen peroxide concentrations, although the increase is
548 significantly less than with the pkatGuv construct. This could be due to inner filter
549 field effect (IFFE) (4). This occurs when cells scattering the light affect the
550 fluorescence. Thus light may be reflected and refracted affecting the fluorescence
551 measured.
552
553 Other compounds in the cells may have fluorophores and again affect the
554 fluorescence. Thus in order to distinguish GFPuv fluorescence over and above that
5 5 5 from bacterial cells may require significant expression only achievable from agents
556 that are intensely oxidising and strongly induce the katG gene, as seen here, for high
557 hydrogen peroxide concentrations. This may be useful as at these high
558 concentrations luminescent output from lux reduces dramatically. Direct
559 measur ement of extracted protein from pkatGuv cells is an option, but this would
560 not fulfil the deshed qualities of a biosensor; most notably, easy and rapid signal
561 measurement, in the minimum time with minimal technical input. GFPuv may,
562 therefore, only be a good reporter when there are high levels of inducing agent
563 present or a strong inducible promoter is used.
564
565 The lux gene products that catalyse bio luminescence are well suited to
566 whole-cell biosensor applications due to ease of measurement and rapidity of signal
567 output. However, inhibition of metabolic activity by the same toxic chemical one is
568 trying to measure becomes significant at relatively low concentration levels. Using
569 the GFPuv reporter system provides a useful adjunct where potentially high levels
570 of inducing toxicant might be present; with the different signal outputs allowing
571 concurrent or sequential measurement of the two systems.
572
573 These two systems can be used in tandem to address a wider range of
574 toxicant concentrations than would be otherwise possible. This, together with
5 7 5 concurrent monitoring of non-induced luminescence at t= 0 for EC 50 measurement,
576 forms a preferred embodiment of the present invention.
577
578
579
580
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581 Claims
582
583 1. A  whole-cell biosensor harbouring D N A  encoding a selectively inducible
584 light-emitting reporter, characterised in that the D N A  comprises a selectively
585 inducible promoter operatively linked to the reporter gene and wherein the reporter
586 gene is both constitutively and inducibly expressible.
587
588 2. A  biosensor according to claim 1, wherein the light-emitting reporter is
589 encoded by the P. luminescens lux C D A B E gene.
590
591 Abstract
592
593 BIOLUM3NESCENT REPORTERS
594
595 Biosensors are provided containing light-emitting reporter genes which are
596 both constitutively and inducibly expressed. This provides a low-level background
597 luminescence to indicate that levels of toxicants are not lethal.
598
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